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EXECUTIVE  SUMMARY 


As  u  significant  first  step  towurd  development  of'  an  HEL  shipboard  system,  PMS/40S  and 
N  AVSEA/EOMHT  huve  funded  NRL  to  perform  an  at-sea,  ship-to-ship  DF  luser  transmission  expert- 
mem.  Evaluation  of  the  prototype  equipment  developed  under  this  progrum,  and  subsequent  analysis 
of  the  laser  transmittance  data  obtained  during  the  experiment  will  permit  one  to  evaluate  how  realistic 
the  modeling  to  dutc  has  been,  and  will  examine  near  ship  boundary  layer  problems  for  the  first  time. 
The  xpecllle  goals  of  the  ship-to-ship  experiment  arc; 

(U  To  validate  models  predicting  the  propagation  of  IX-'  laser  radiation  through  the  marine  atmo¬ 
sphere  by  measuring  the  infrared  transmittance  between  two  ships  at  sea. 

(2)  To  evaluate  the  utility  of  using  current  meteorological  instrumentation  for  predicting  electro-optic 
systems  performance  In  the  marine  environment. 

(3)  To  determine  whether  shipboard  transmittance  measurements  correlate  with  existing  land-based 
measurements. 

(4)  To  demonstrate  the  feasibility  of  operating  a  large  aperture,  precision  optical  tracker  aboard  a 
Navy  ship. 

(SI  To  demonstrate  the  feasibility  of  operating  an  NF.i  combustion-driven  l)lf  laser  aboard  a  Navy 
ship. 

This  document  provides  a  thorough  analysis  of  all  facets  of  the  experiment.  Particular  attention  Is 
given  to  assessing  the  expected  quality  of  the  measurements,  and  to  discussing  the  eventual  usefulness 
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of  the  results  in  current  Nuvy  laser  transmission  modeling  efforts. 

We  provide  a  review  of  the  project  to  date,  and  then  immediately  begin  the  discussion  of  laser 
transmission  measurement,  The  absolute  innmiitiume  experiment  involves  directing  a  low  power  (lot) 
mW),  line-selectable  DF  laser  through  u  converted  Nlkc/Hcreulcx  mount  and  a  0,8  meter  Cassegrain 
telescope,  This  equipment  will  be  ntountod  In  the  hunger  deck  of  the  aircraft  carrier  USS  L.l* X INC.i- 
TON,  and  operated  during  flight  training  operations,  The  laser  beam  receiver  will  be  a  converted  60" 
searchlight  operated  as  a  "light-bucket"  aboard  an  escort  ship.  This  receiver  will  also  be  operated  as  a 
poinluble  tracker.  Doth  tracking  devices  are  computer  controlled  via  quad-cells  and  a  dedicated  (iuAs 
data  link.  The  second  half  of  the  transmittance  experiment  reverses  the  direction  of  propagation:  a 
blaekbody  source  at  the  focus  of  the  60'  element  is  directed  across  the  intership  path  and  into  the  32" 
receiver  and  directed  Into  the  entrance  aperture  of  a  high  resolution  Fourier  Transform  Spectrometer 
(FTS)  tuned  to  operate  at  2-12  ^m,  This  is  the  relative  trunsniituinee  part  of  the  experiment,  and  will 
provide  high  resolution  molecular  spectra  of  the  path  between  the  ships. 

In  this  report,  wc  provide  an  extensive  study  of  sources  of  transmittance  error  In  this  experiment, 
based  on  NRL  experience  over  the  past  7  years  with  land  based  transmission  experiments.  Wc  discuss 
specific  and  extensive  Improvements  for  this  experiment.  The  transmittance  error  in  the  absolute  meas¬ 
urement  is  estimated  at  2%.  and  the  relative  measurement  transmittance  error  Is  shown  lo  he  1%.  The 
Beer's  law  relation  between  transmittance  and  extinction.  /'  -  exp  l  (A„  +  k,„)  L  I.  is  then  employed 
to  derive  a  relation  between  the  expected  errors  In  trunsmittunccs,  and  the  resulting  expected  errors  In 
aerosol  extinction,  A„,  and  molecular  extinction,  A,,,.  It  Is  shown  that  for  all  atmospheric  conditions 
likely  lo  occur  aboard  LKXINGTON,  und  for  all  palhlengths  greater  than  I  km,  high  quality  data  on 
aerosol  extinction  and  moleculur  absorption  Is  obtainable.  We  use  <  10%  for  error  In  A„,  and  <20%  for 
error  In  A„  as  Indication  that  the  results  are  useful  und  of  high  quality,  e.g.,  the  precision  needed  to  ver¬ 
ify  the  various  propagation  codes, 
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Chapter  three  then  goes  into  great  detail  to  show  what  modeling  problems  In  atmospheric 
iriinsmissiott  can  be  examined  with  data  of  the  intrinsic  quality  as  described  above.  In  particular,  the 
aerosol  measurements  wilt  prosidc  open-ocean  data  of  use  for  validating  the  ItiWIKAS  maritime 
models,  and  as  input  to  the  Wclls-Kat/-Munn  model  relating  aerosol  extinction  to  wind  speed  and 
humidity.  Near-ship  effects  related  to  aerosols  such  us  bow  vs  stern  wind  conditions,  and  height  above 
the  sea  surface  can  also  be  examined  with  aerosol  extinction  data  of  20%  accuracy,  besides  the  absolute 
transmittance  data,  aerosol  measurements  will  also  he  made  with  a  Knollcnbcrg  parllelc-sl/e  spectrome¬ 
ter  and  a  ncphelometer.  Also  an  aerosol  mass  monitor  normally  used  for  "dry"  aerosols  will  he  tested 
in  the  marine  environment  The  correlation  between  transmission  measurements  and  Met  observables 
is  discussed,  Simple  relations  between  extinction  and  Met  observables  are  needed  for  Tactical  Decision 
Aids  (TIM). 

The  molecular  absorption  data,  with  expected  error  in  absorption  cocMcieni  A,„  of  10%  or  less, 
will  address  the  following  three  problems  for  which  complete  understanding  still  docs  not  exist:  using 
the  large  optical  depth  of  up  to  1 00  torr-km  to  resolve  the  White  vs  (lurch  J.5-4.2  /wm  water  contiuum 
modeling  problem;  using  the  high  resolution  1- IS  spectra  to  narrow  the  error  bars  on  the  0,0.1% 
111)0/11(0  isotopic  water  vapor  ratio;  and  pimldlng  a  path-integrated  water  vapor  concentration  meas¬ 
urement  of  use  to  separate  the  water  continuum  and  aerosol  extinctions. 

A  more  subtle,  but  perhaps  In  the  long  run  a  more  serious  problem  of  lll;.l.  propagation  which 
this  measurement  addresses  Is:  how  well  can  open  ocean  Dl;  laser  absorption  (A,„)  he  predicted  from 
met  observables?  A  thermal  blooming  sensitivity  study  Is  outlined,  and  a  10%  error  in  knowledge  of 
the  molecular  absorption  Is  interpreted  In  terms  of  accuracy  in  predicting  Due  nee  vs  range  on  an  Incom¬ 
ing  target.  This  information  Is  required  to  determine  time/power  on  target. 

In  addition  to  the  discussion  outlined  above,  we  have  provided  corroborative  material  In  live 
appendices,  Appendix  •!  provides  a  milestone  of  January  II,  l*>K2,  when  NKI  will  provide  l'MS/40.s  a 
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detailed  report  describing  results  of  trucker  at-sea-simulation  studies  from  measurements  lit  NRl.'s 
Chesapeake  Buy  Division.  I p/x-m/i.v  W  contains  two  documents  written  by  Massachusetts  Manufacturing 
Corporation,  who  have  been  contracted  by  us  to  provide  engineering  work  on  the  Nikc/llercules 
tracker  mount.  Detuils  of  design  parameters  In  the  servo-systems,  optical  data  links,  c)uad-cell  perfor¬ 
mance  parameters,  infrared  detector  signal-to-noisu  calculations,  and  detailed  analysis  of  the  feedback 
systems  Is  provided  in  two  documents,  t/i/am/h  ('  is  a  reprint  of  a  published  article  by  Richard  Morion 
describing  the  design  optimization  involved  in  the  tlnal  tracker  telescope  and  relay  mirror  conllgurailon. 
•\l>l>cnill\  /)  contains  the  results  of  a  computerized  ray  trace  analysis  of  the  design  described  In  (  '.  The 
calculations  were  performed  by  Research  Optics,  Inc.,  of  Baltimore.  Maryland,  and  the  results  indicate 
that  (I)  the  tracker  optical  design  has  indeed  been  optimized.  (21  simplification  of  the  design  is  not 
possible  without  performance  sacrllice.  and  l.U  considering  the  constraints  imposed  by  relaying  the  opti¬ 
cal  beam  through  the  tracker  mount,  the  llnal  configuration  is  an  impressive  optical  design  achieve¬ 
ment.  I/vkW/.v  /.  is  authored  by  Prof.  T  D,  Wtlkcrson  of  the  University  of  Maryland  Institute  of  Phy¬ 
sics  and  Technology,  lie  describes  what  I.IDAR  measurements  might  be  obtained  in  the  shlp-to-ship 
experiment  by  employing  one  of  several  established  LIDAK  groups.  A  more  Interesting  possibility  Is 
then  described  ■  the  use  of  a  pulsed  l)l-‘  LIDAK  to  obtain  water  vapor  concentration  profiles  In  the 
wavelength  region  of  interest,  Appendix  li  concludes  with  a  description  of  what  bene  lit  the  Navy  HIM. 
program  might  gain  from  using  a  sophisticated,  multiuse  I.IDAR  at  sea 
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The  Impact  of  the  !>!■'  laser  shlp-to-ship  transmission  experiment  will  be  fat -leaching.  \V.»  guild- 
pale  the  aerosol  extinction  rest  Us  will  rcdulrc  the  addlilon  of  an  "open-sea"  aerosol  model  to 
I.OWTKAN  since  results  will  probably  point  out  additional  inadviiuucies  in  the  present  "maritime" 
model  for  open  sea  predictions,  Aerosol  measurements  will  provide  additional  data  for  valldnilon  of  the 
Wells-Kalz.-Munn  extinction  motlcl.  Water  vapor  continuum  models  and  the  Isotopic  water  111)0/11,1) 
rut lo  problem  will  be  directly  addressed  by  the  high  resolution  infrared  spectral  measurements,  The  ac¬ 
curacy  of  thermal  blooming  models  will  he  addressed  when  the  ability  of  meteorological  measurements 
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to  predict  DF  absorption  is  determined.  And  a  final  achievement  will  be  the  demonstration  of  the  use 
of  a  dual,  large  aperture  tracking  system  to  perform  significant  atmospheric  transmission  measurements 
using  a  ship-based,  combustion-driven  chemical  laser. 
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TECHNICAL  ANALYSIS  OF  A  PROPOSED  SHIP-TO-SHIP 
CHEMICAL  LASER  TRANSMISSION  EXPERIMENT 


I  II A t  K(iR()l  Nl>  ON  Till  I'KOBI.KM 

Since  1179  t he  Optical  Sciences  Division  of  the  Naval  Research  Laboratory  (NRL)  hus  been  sup¬ 
ported  by  RMS-405  anti  the  liOMKT  program,  to  perform  absolute  transmittance  measurements 
between  two  ships.  The  spectral  region  of  interest  is  .1.5  4,2  microns,  the  Dl?  laser  operating  region. 

As  originally  tasked,  a  Xenon  laser  (line  selectable  from  2-12  microns)  was  to  he  employed  with  a 
Courier  Transform  Spectrometer  UTS)  and  aerosol  and  meteorological  equipment  to  obtain  absolute 
transmittance  measurements  in  a  manner  similar  to  that  successfully  used  by  NRL  in  a  series  of  land 
and  sea-coast  measurements.1  111  The  obvious  difl’erence  in  the  ship-to-ship  measurement  is  the 
necessity  for  two  tracking  systems  to  keep  the  source  and  receiver  in  optical  alignment  for  a  period  of 
ten  minutes  or  so.  In  I  Y  SI  the  task  was  altered  to  require  the  use  of  combustion  driven  DL  chemical 
laser  as  the  calibration  source,  rather  than  the  Xenon  laser.  The  substitution  of  the  DF  source  compli¬ 
cated  planning  due  to  safely  and  logistical  considerations.  These  problems  have  been  examined,  and  to 
a  large  extent  solved.  We  believe  that  a  successful  experiment  is  now  moving  from  the  planning  and 
procurement  stage  to  the  assembly  and  execution  stage. 

flic  purpose  of  this  document  is  to  closely  exumine  the  scientific  justification  for  completing  the 
program.  The  absolute  transmittance  measurement  as  now  configured  has  a  very  high  probability  of 
success,  will  contribute  valuable  data  on  open-sea  transmittance  such  that  codes  may  be  verilied  (or 
modified),  and  will  have  a  substantial  operational  impact  on  future  Navy  IIHL  planning  in  the  areas  of 
thermal  blooming,  scaling  laws,  optical  turbulence  and  its  compensation,  and  in  delining  accurate 
micro-met  requirements. 
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We  will  first  describe  the  details  of  the  experiment  as  it  is  now  configured,  We  will  examine  in 
detail  the  precision  of  transmittance  measurements  required  to  provide  dalu  of  high  enough  quality 
such  that  meaningful  conclusions  regurding  uerosoi  extinction  and  molecular  absorption  may  be  drawn. 
We  will  demonstrate  how  this  data  affects  present  Navy  codes  which  predict  laser  and  broad-band  opti¬ 
cal  transmission  in  the  infrared,  We  will  detail  and  quantify  the  error  In  transmittunce  expected  from 
several  possible  sources:  Met  parameters,  turbulence,  diffraction,  blooming,  trucker  jitter,  etc.  The  net 
expected  error  in  extinction  Tor  both  aerosols  and  molecular  absorption  will  be  derived  from  the  expect¬ 
ed  transmittance  error  for  assumed  realistic  meteorological  extremes  expected  aboard  LEXINGTON, 
From  this  analysis  we  cun  project  a  flgure-of-merlt  for  the  transmittunce  data  compared  with  model 
predictions,  The  predictive  capability  of  codes  such  as  LOWTRAN,11  II1TRAN,I}  und  aerosol  models 
such  us  the  Wclls-Kutz-Munn  (WKM)  model  for  predicting  uerosoi  extinction  from  wind  speed,  tern- 
peruture,  und  humidity1'' u  will  be  examined,  These  modeling  abilities  arc  of  great  value  to  the  Navy  at 
present  for  such  fundamental  tusks  as  the  design  of  laser  devices,  und  the  design  of  tactical  decision 
ulds  (TDA)  for  In-the-fleld  use  of  laser  devices, 

The  most  Important  outcome  of  the  shlp-to*shlp  experiment  will  be  the  creation  of  a  unique  data 
base  for  code  verification  and  design  of  future  devices,  We  demonsirule  In  this  document  (hut  the  ex¬ 
periment  has  been  properly  designed  such  that  high  quuiily  data  and  practical  conclusions  will  result. 

II.  SHIP  TO  SHIP  MEASUREMENT  OF  ABSOLUTE  TRANSMITTANCE  AND 
HIGH  RESOLUTION  INFRARED  SPECTRAL  MEASUREMENTS 


The  trunsmlttunee  measurements  involve  two  separate  experiments  which  shure  the  sunie  optical, 
tracking,  duta  reduction,  und  support  equipment. 
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A.  Absolute  TransinttUime  Measurements 

The  absolute  trunsmltlance  source  is  the  combustion  driven  DF  laser,  which  served  NRL  experi¬ 
ments  well  lor  over  five  years  burning  /•'},  The  device  is  now  completing  modifications  at  TRW  to  burn 
the  safer  fuel  Ni'y  The  laser  output  bcuni  is  coupled  through  transfer  optics,  collimated,  and  sent  out 
through  a  32"  Cussegrain  telescope,  across  an  intervening  path  of  0,5  to  5.0  km,  captured  by  u  60" 
seurchllght  mirror  (the  so  culled  light  bucket)  mounted  on  the  escort  ship.  Details  of  the  optical  train 
In  the  trucker  may  be  found  in  Appendix  B.  A  pyroelectric  detector  is  mounted  at  the  focus  of  the  60" 
receiver  on  u  turret  mount,  Appendix  B-2  describes  a  preliminary  estimate  of  the  expected  S/N  at  this 
detector  considering  a  previous  optical  design  Involving  a  complicated  triplicate  mirror.  We  have  since 
exutnined  the  quality  of  the  60"  device  focus  (a  blur  circle  of  less  than  1.5  mm).  The  quality  was  much 
higher  than  orlglnutly  expected,  so  we  have  replaced  the  triple  mirror  design  with  a  much  simpler 
receiver.  In  the  present  conllguration  wc  estimate  a  S/N  of  10'  to  10*,  based  solely  on  IV,  a  reasonable 
laser  power  of  100  mWatls,  and  simple  phusc  sensitive  detection,  Hence  we  expect  fur  less  than  0.5% 
trunsmltlance  error  due  to  noise  In  the  detection  lystcm,  The  captured  signal  is  scnl  hack  to  LHXINCJ- 
TON  for  processing  via  the  data  link  described  in  detail  In  the  Appendix.  The  signal  is  rulioed  against  a 
reference  signal  from  the  reflecting  chopper  lo  ratio  out  fluctuations  In  the  laser  power.  Previous  ex 
perlcnee  with  milometers115  hus  Indicated  an  expected  error  of  0,4%  or  less  due  to  the  division,  Wc 
note  that  we  are  considering  eliminating  the  rutiomcicr  in  favor  of  a  simple  division  of  the  signal  and 
reference  at  the  minicomputer  control  system.  This  is  an  exumplc  of  where  technology  has  progressed 
since  (he  last  NRL  transmission  field  experiments,  and  where  it  is  to  our  advantage  to  use  simpler  tech¬ 
niques  and  more  reliable  digital  electronics  insteud  of  the  analog  system  used  previously. 

Our  rtevious  results,  however,  indicated  a  2%  transmission  accuracy  over  land  and  sou-amst  paths 
Is  achievable,  but  only  when  turbulence  does  not  cause  excursions  of  the  light  beam  out  of  the  light 
bucket.  Since  we  are  employing  the  same  size  source  and  receiver  optics  and  similar  pulhlengths,  we 
expect  the  same  sltuullon,  or  far  better,  to  obtain  here,  since  C,f  vulucs  on  the  open  sea  are  typically 
one  to  two  orders  of  magnitude  less  than  over  land.  Thus,  we  do  not  expect  any  problems  from  beam 
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wunder  which  the  trucker  cannot  handle.  There  is,  however,  u  second  order  effect  due  to  turbulence. 
The  receiver  is  obscured  at  its  center  by  the  detector  turret  mount.  The  total  obscured  area  is  3%  of 
the  receiver  mirror  area.  As  long  as  the  beam  does  not  vary  in  size  at  the  receiver,  no  error  is  induced. 
Turbulence,  however,  may  cause  some  spreading  of  the  beam,  so  the  central  obscuration  will  block  pro¬ 
portionately  less  of  the  total  beam  area  as  the  pathlength  Is  Increased,  Dr.  A.  Goroch  of  NEPRF  (Na¬ 
val  Environmental  Prediction  Research  Facility)  has  estimated  the  r.m.s,  beam  wander  for  three  values 
of  the  Index  of  refraction  structure  parameter  at  three  ranges, ,b  18  The  results  are  presented  in 
Tabic  I  below. 


Table  I  —  R.M.S.  Beam  Wander  Due  to  Turbulence 


. c,f 

0.5  km 

3.6  km 

5.6  km 

IOTb 

0,25  /trad 

0.60 

0,77 

10  •* 

0.77 

1.40 

2.40 

10  14 

2,45 

6.00 

7.70 

The  beam  spread  is  less  than  10%  of  the  beam  wander.  The  most  likely  value  of  for  our  ex¬ 
periment  is  ubout  10  15  mJ,  \  The  results  of  Table  I  cun  be  expected  to  be  within  50%  of  correct  for  si¬ 
tuations  where  horizontal  homogeneity  exists  on  a  scale  of  about  10  km  upwind.  In  addition,  ocean 
sea-surface  temperatures  are  more  uniform  than  near  coastal  regions,18  reinforcing  our  confidence  in 
the  applicability  of  the  above  estimates  for  our  experiment. 

The  above  values  are  to  combined  with  the  estimated  tracking  error.  48  n rad.  and  the 

error  due  lo  diffraction  at  the  exit  aperture,  («,],«)'■''  4.75  n  rad.  to  obtain 

"ml  “  Kwk  +  "till  +  "uirhl7 

*»  48.8 /trad 

which  is  less  ihun  2%  Increase  above  the  tracking  uncertainty  itself.  Hence  we  conclude  that  for  open 
sea  conditions  wc  anticipate  negligible  error  to  be  introduced  by  optical  turbulence,  In  any  case,  since 
('*  will  be  monitored  during  the  tests,  we  can  account  for  this  effect  in  the  dulu  reduction. 
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A  flnul  possible  degrading  cfl'ect  in  trunsmiUunee  may  occur  If  the  tracking  system  fails  to  achieve 
lock-on,  This  is  very  unlikely  for  our  projected  conditions,  however,  since  the  Nikc-llcreules  mount 
was  designed  to  track  airplanes  at  much  higher  rates  and  accelerations.  Furthermore,  we  have  im¬ 
proved  its  specifications  as  detailed  in  Appendix  A. 

Of  the  six  possible  accelerations  (roll,  pitch,  yaw,  surge,  heave,  sway)  we  concluded  that  only  roll 
is  of  any  reasonable  concern  here,  Since  the  aircraft  currier  training  operations  only  take  place  during 
reasonably  calm  weather,  wc  have  assumed  a  roll  amplitude  of  ±  I"  every  12  seconds,  The  17.5  mrnd 
amplitude  will  be  handled  by  a  feedback  system  huvlng  a  gain  of  400,  giving  4.V6  /x rod  accuracy  as  de¬ 
tailed  In  the  Appendix,  We  point  out  that  the  ±  I"  amplitude  assumption  allows  for  a  ±87  meter  verti¬ 
cal  displacement  of  the  escort  ship  at  a  range  of  5  km,  Hence  we  urc  confident  that  a  generous  design 
margin  has  been  built  Into  the  system,  In  addition,  u  ring  of  detectors,  eight  or  so,  will  circle  the  60" 
receiver  and  provide  a  warning  system  In  the  event  that  the  beam  might  wander  out  of  the  receiver. 

The  probable  maximum  errors  in  transmltinneo  for  the  absolute  transmittance  experiments  are 
listed  In  Table  2  below. 

Table  2  —  F.rror  Sources  in  Absolute  TrunsmiUunee 


F, lenient 

Urror  Source 

AT 

1,  Pyroelectric  Detector 

S/N  -'To*  to  I04 

<  <  0,5"/! 

2.  Rallomeler 

Analog  Divider 

<  0.4% 

.7.  Turbulence 

Central  Obscuration 

<0.5% 

TOTAL  <2,0% 

From  the  dlseusslon  above,  and  considering  NRL.'s  considerable  experience  with  similar  experi¬ 
ments  In  the  I970's  we  conclude  that  a  transmittance  error  of  2%  or  less  in  absolute  transmittance  is 
reasonable  to  expect, 
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H,  llitth  Resolution  tofhiml  Speetral  Measurements 

The  second  part  of  the  transmittance  experiment  employs  the  same  optics,  but  In  the  opposite 
direction.  The  turret  at  the  60"  receiver,  on  the  escort  ship,  is  rotated  to  bring  a  blackbody  source  (SOI) 
wult  tungsten  filament  in  a  quart/  jacket)  into  position,  and  a  tnitrot  at  the  tracker  transfer  optics  is  ro¬ 
tated  to  bring  the  FTS  entrance  aperture  Into  alignment,  rather  than  the  OF  laser  exit  aperture,  The 
blackbody  radiation  Is  sent  across  the  path  in  a  1/2  degree  beam,  through  the  FTS,  to  the  cooled  InSb 
detector.  This  optical  arrangement  has  been  used  in  numerous  NRL  high  resolution  measurements, 
and  a  S/N  of  over  200  has  been  routinely  obtained  In  the  transformed  spectra  at  pathlcngths  of  up  to 
6.4  km.  Typically  sampling  times  of  5  to  15  minutes  with  about  100  coaddtd  interferograms  are  used 
to  obtain  effective  (unapodi/ed)  resolution  of  0,08  cm  1  In  the  transformed  spectra,  We  note  here  that 
the  FTS  purl  of  the  trunsmlttanee  experiment  does  not  propose  to  meusure  absolute  transmittance,  and 
no  attempt  is  mude  to  operate  In  the  light  bucket  mode.  Spectral  information  is  acquired,  however,  and 
as  long  as  a  constant  fraction  of  the  blackbody  source  output  Is  radiated  Into  the  cntraec  aperture  of  the 
FTS,  quality  data  with  S/N  greater  than  lot)  will  be  obtained.1"  The  effect  of  turbulence  will  be  to  add 
some  modulation  to  the  inierferogram.  but  experience  has  shown  that  this  noise  Is  normalized  out  by 
the  coaddition  process,  based  on  previous  experience,  we  assume  a  maximum  of  1%  for  the  noise  In 
the  transformed  spectra. 

We  have  evaluated  the  two  parts  of  the  transmittance  experiment  and  have  obtained  estimates  of 
2%  accuracy  for  the  ubsoluto  transmittance,  and  1%  accuracy  for  the  relative  transmittance,  lloth  esti¬ 
mates  huve  ussumed  that  the  tracking  portion  of  the  system  performs  as  plunned,  l.e.,  42  microradian 
tracking  noise.  Since  wc  arc  attempting  to  keep  a  32"  spot  Inside  a  60"  diameter  urea  at  the  longest  (5 
km)  distance,  about  140  microradian  precision  In  tracking  Is  required  for  the  worst  case  condition, 
Hence  we  huve  a  trucking  design  margin  of  about  three. 
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III.  THE  INTRINSIC  QUALITY  OP  THE  DATA 


The  trimsmlttunee  values  themselves  urc  raw  data  und  further  analysis  Is  required  to  extract  the 
extinction  eoeflleients  from  measured  values.  There  arc  two  relevant  mechanisms  contributing  to  tin' 
total  extinction:  aerosol  extinction  and  molecular  absorption.  The  aerosol  extinction  coefllcient,  Al(1  is 
the  sum  of  two  parts,  the  aerosol  scattering  coefficient  A,  und  the  aerosol  absorption  cocAicient  A,,*,. 
The  two  parts  are  related  to  the  real  and  imaginary  parts  of  the  Index  of  reduction  of  liquid  water 
through  MIc  scattering  theory  und  ubsorptlon  efficiency  functions  and  Qllhl.  We  might  also  note 
thut  ut  3.8  microns  ubsorptlon  is  only  u  minor  portion  of  the  total  aerosol  extinction,  whether  the  parti¬ 
cles  ure  assumed  to  be  water  or  salt,  Therefore  for  the  purpose  of  our  discussion  aerosol  extinction  and 
scattering  ure  effectively  the  sumo,  und  hence  the  total  optical  extinction  Is  given  by  the  sum  of  the 
ucrosol  and  moleculur  extinction  eoeflleients: 

A  ■“  A„  +  A,„ 

with  units  of  reciprocal  Kilometers  km  ’.  Transmittance  and  extinction  are  related  by  the  usual  Beer’s 
luw  rolutlon, 

T  -  exp (-AL  ) 

where  L  Is  the  path  length  In  kilometers.  We  now  derive  what  prnbuble  extinction  errors  AA„  and  AA,„ 
arc  likely  to  result  from  the  transmittance  errors  wc  estimated  In  Section  It.  We  will  assume  atmos¬ 
pheric  conditions  which  bracket  those  conditions  most  likely  to  be  present  during  the  experiment.  In¬ 
terpretation  of  the  resulting  AA  estimates  in  view  of  aerosol  and  molecular  modeling  will  be  made  In 
Section  IV, 


From  Beer's  Luw  wc  get 
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In  our  experiment  we  plan  to  use  a  laser  runge  finder  which  will  give  us  the  ship  separation  to 
better  than  1%,  so  the  fractional  error  In  i  will  be  negligible  compared  with  the  other  fractional  errors, 
Therefore  wo  obtuin  the  basic  relation  between  extinction  error,  transmittance  error,  and  transmittance: 


\k 
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A  7 

~T 


i 

In  7 


The  Inf  factor  meuns  that  a  good  measurement  of  extinction  requires  that  the  transmittance  not 
be  close  to  100%,  Figure  I  gives  a  plot  of  the  above  relation  for  a  series  of  values  of  T3".  At  37%r  the 
errors  In  T  and  k  are  equal,  but  at  90%  transmission  a  one  percent  error  in  ?'  gives  a  10%  error  in  A; 
and  at  98%  transmission  we  get  50%  error  in  k  for  the  same  1%  measurement  of  T.  It  Is  for  this  reason 
(hut  methods  other  than  transmittance  arc  employed  to  measure  very  small  absorption  eocftlcicnts  In 
the  laboratory3"  where  very  long  palhlcngths  are  not  uvullublc,  This  Is  especially  true  of  water  vapor 
measurements  where  the  Unite  c.  -w-p.  Int  prevents  obtaining  more  than  15  to  20  torr  of  water  In  a 
dosed  cell  at  ambient  temperatures.  For  our  experiment  this  means  that  situations  of  very  high 
Iransmlttuncc  will  not  necessarily  provide  useable  data,  Of  course  high  transmission  conditions  arc  not 
a  cause  for  concern  to  operation  of  the  IIFL  beam. 


Table  J  lists  three  probable  extremes  of  atmospheric  conditions  with  regard  to  humidity  which 
may  occur  during  our  experiment,  Intermediate  values  of  water  vapor  pressure  arc  more  likely, 
although  some  extremely  humid  days  aboard  (he  LFXINCiTON  gave  over  20  torr  of  water  partial  pres¬ 
sure  In  the  summer  of  1979,  as  shown  In  Fig.  2.  Wc  have  lixied  molecular  absorption  coeflielcnts  for 
the  l)F  laser  /*j(8)  line  as  predicted  using  our  IIITRAN  code  and  the  1980  Al'CiL  Allas  of  absorption 
line  parameters.13  In  addition,  wc  chose  to  use  the  “Burch"  water  vapor  continuum,31  which  gives  about 
5-10%  less  absorption  than  the  other  continuum  model  In  current  use,  the  "White"  continuum  model. 35 
This  is  not  because  we  prefer  one  over  the  other,  but  for  the  purpose  of  this  estimation  of  likely  ab¬ 
sorption  we  would  rather  underestimate  than  overestimate  the  predicted  results  to  get  highest  error  esti¬ 
mates,  as  discussed  above,  Aerosol  extinction  values  corresponding  to  dry  open  sea,1"  humid  open 
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sen,*  and  coastal  aerosol-'  extinction  as  calculated  using  a  MIc  algorlthlm  and  observed  particle  size  dts* 
trlbutionx  are  assumed,  We  note  that  open  sea  aerosol  extinction  is  somewhat  less  than  coastal  aerosol 
extinction  at  the  same  humidity.  We  will  discuss  this  point  in  relation  to  the  "maritime"  model  in  the 
LOWTRAN  code  in  Section  IV,  but  we  only  point  out  here  that  NKl.  has  access  to  one  of  the  few  truly 
"open  ocean"  dam  bases  as  the  result  of  several  cruises  over  the  past  few  years.1' Table  3  also  lists  the 
Beer**  law  transmittance  at  /VS!)  for  three  pathlengths. 


Table  3  -  Range  of  Likely  Molecular,  Aerosol,  and  Total  Extinction 
and  Resulting  Predicted  Percent  Transmittance  for  Three  Pathlengths 


Dry  Open  Sea 

Humid  Open  Sea 

Coastal 

<».(>  tort  lid) 

20.0  torr  I  Id) 

20,0  torr 

x, . 

12  km 

1)37  km  1 

.037  km  f 

ku 

,020 

.030 

.150 

k 

,032 

.067 

187 

V't 6.5  km) 

C4% . 

'  %,i% 

m% 

mo  km) 

90,9 

81.8 

57.1 

7*15.1)  km) 

85.2 

71.5 

39,3 

The  2%  estimates  In  A  7'  for  the  absolute  transmittance  will  be  used  to  determine  the  likely  error 
In  aerosol  extinction  and  the  1%  estimated  error  In  M'  for  relative  transmittance  will  be  used  to 
determine  the  resulting  error  in  the  molecular  absorption  cocUlcleni  Xk,„,  These  are  calculated  using 
the  previously  derived  relation,  or  estimated  using  the  graph  in  l-'lgure  2.  The  results  are  collected  In 
Table  4,  for  the  three  pathlengths. 


Table  4  —  fractional  Percent  Error  In  Molecular  /V8>  and  Aerosol  Extinction  Coclllclcnt 
for  Three  Atmospheric  Conditions  and  for  Three  Pathlengths 


Dry  Open  Soa 

Humid  Open  Sea 

Humid  Coastal 

6,0  torr  lid) 

20,0  torr  11,0 

20,1)  torr  lljt) 

0.5  km 

62,0% 

29.8% 

10,7% 

^km/  k  m 

3.0 

10,5 

5,0 

1.8 

5.0 

6,2 

3.0 

1.1 

0,5  km 

12.4% 

59,6% 

21.4% 

A  kj  k. 

3,0 

21.0 

10.0 

3,6 

5,0 

12,4 

6,0 

2,2 

II 


The  extremely  high  uncertainty  In  the  very  high  transmittance  cases  are  put  into  perspective  when 
we  realize  that  tin  Inability  to  distinguish  between  ‘)?%  and  is  truly  a  great  uncertainty  in 
knowledge  of  the  extinction  The  logarithmic  term  bears  this  out  figures  3-5  are  1 1  IT  KAN  plots  of 
the  spectral  region  around  the  /V8)  Utsor  line,  and  show  the  expected  trunsmittunce  for  the  parameters 
listed  above.  We  again  see  why  the  short  optical  depth  case  is  so  hard  to  analyze.  The  immediate  con¬ 
clusion  is  that  puthlcngths  us  short  us  0.5  km  are  very  useful  for  obtaining  information  on  the  near-ship 
absorption,  which  may  be  much  higher  than  the  intervening  path. 

We  have  worked  out  the  above  results  for  the  DP  Pj(8>  line  since  it  is  known  to  be  one  of  the 
more  powerful  lines  In  the  emission  from  multiline  devices,  and  because  it  is  so  well  transmitted 
through  the  atmosphere.  By  contrast,  the  DP  /Jj  (8)  line,  also  a  line  with  sign  Meant  strength  though 
not  as  great  as  /'jIH),  is  very  strongly  absorbed  by  water  vapor,  In  particular,  by  a  strong  I IIH)  line, 
Previous  NHL  results  with  the  DDL  DP  laser’  Indicated  thul  although  only  5%  of  the  total  output  power 
resided  In  /*|(8).  15%  of  the  total  absorption  and  hence  of  the  thermal  blooming  was  caused  l‘ t(8).  Be¬ 
cause  of  (he  anomalously  lurge  blooming  effect  due  to  a  handful  of  weak  DP  lines,  some  concern 
should  be  given  to  conlrollng  ihe  output  power  spectral  distribution  of  the  device.  We  therefore, 
thought  li  appropriate  to  repeal  the  8)  analysis  for  the  8)  parameters,  and  this  Is  given  In  Tables 
5  and  6  below,  Plguros  ft  through  8  give  the  corresponding  molecular  absorplion  effect  on  the  anticipat¬ 
ed  transmittance  of  DP  /',( 8), 


The  above  unulysis  has  given  predicted  uncertainties  In  extinction  cocHlclonts  resulting  from  our 
assumed  uncertainties  in  trunsmittancc  for  a  likely  range  of  optical  depths.  Por  the  next  section  we  will 
go  Into  great  detail  to  establish  criteria  for  assessing  the  quality  of  our  extinction  niousuremjnix, 
.Specifically,  we  will  demonstrate  that  a  10%  uncertainty  In  measured  k„,  and  a  20%  uncertainty  lit  meas¬ 
ured  k„  will  contribute  substantial  results  In  terms  of  current  laser  propagation  modeling  efforts.  Mg- 
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20-Hftl '^NUriBEF:  BOUND 


ex'.HKtmo  vs  ranfc  fof  iftiee 


Tctcem  error  m  measurement  o*  UF  /*>  rooks,  u&r 

prion  is  range  for  ikree  atmospheric  cwrfuions 


RANGE  1km) 

Ft- error  m  o(  PF  P  **«ol 

ion  vs  ri«e  for  three  itmosphert  conditions 


Table  S  —  Range  of  Likely  /*|(8)  Molecular.  Aerosol,  aiul  Tolul  Extinction  ami 
Resulting  Prcclictcii  Percent  Transmission  for  Three  Distances 


Dry  Open  Sea 

Humid  Open  Sea 

Humid  Coastal 

6,0  torr  HjO 

20.0  torr 

20,0  torr 

km 

,054  km  1 

.189  km  1 

.189  km  1 

k„ 

.020 

,030 

,150 

. 

,074 

.219 

.339 

/(0.5km)  1 

96.4% 

89.6% 

84.4% 

rO.Okm) 

80.1 

51.8 

36.2 

r(5.0km) 

69,1 

33.5 

18,4 

Table  6  —  Fractional  Percent  Error  In  Molecular  /;|(8)  ami  Aerosol  Extinction 
Coertlclent  for  Three  Atmospheric  Conditions  and  for  Three  Pathlengths 


Path  length 

Dry  Open  Sea 
6,0  torr  11,0 

Humid  Open  Sea 
20.0  torr  11,0 

Coastal 
20.0  torr  11,0 

0.5  km 

27.8% 

9,1% 

5.9% 

A  k„,l  k,„ 

3.0 

4.5 

1.5 

1.0 

5.0 

2.7 

0.9 

0,6 

0.5  km 

54,0 

18.2 

11.8 

±k,/k„ 

3 

9,0 

3.0 

2.0 

5.0 

5,4 

1.8 

1.2 

ures  9*12  plot  the  expected  measurement  uncertainties  in  DF  /y8>  and  l)F  /yS)  molecular  absorption 
and  uerosol  extinction  measurements.  The  dashed  tines  at  10%  and  20%  Indicate  the  "useful  data"  crl* 
tcria.  We  see  from  the  above  tables,  and  their  results  as  presented  In  Figures  4*12,  that  these  crilcrlu 
can  be  mot  and  exceeded  under  almost  all  atmospheric  conditions  and  ship  separations  likely  to  occur 
during  the  experiment.  In  view  of  this,  we  list  the  most  important  conclusions  of  the  analysis  of  meas¬ 
urement  procedures  per  se: 


1,  Data  at  0,5  km  will  be  useful  for  establishing  Internal  calibration  and  for  near-ship  effect  as¬ 
sessment,  but  little  high  quality  spectral  Information  will  be  acquired  at  this  short  optical  depth, 

2,  The  <H)  DF'  laser  line  should  be  used  us  well  as  /y8l  so  both  "weak"  and  "strong"  absorp¬ 
tion  by  water  vapor  can  be  examined. 


2d 


3,  The  equipment  described  here  lx  capable  of  creating  tm  extremely  useful  scientific  data  base. 


IV.  IMPACT  OF  THIS  F.XPF.RIMFNT  ON  TIIK  MOUKUNti  OF  IIF.I,  TRANSMISSION 


.1,  introduction  to  Cumuli  Modeling  of  Atmosplwrli  Tmnmlssiott 

The  Navy,  ami  in-fact  the  entire  DoD,  has  been  actively  involved  In  the  development  of  comput¬ 
er  codex  for  the  prediction  of  broadband  and  laser  transmission.  Here  we  concentrate  on  the  infrared 
and  only  mention  that  many  of  the  same  atmospheric  parameters  also  impact  transmission  prediction  of 
the  entire  spectrum  for  radio  waves  to  ultraviolet.  Many  codes  are  unrestricted  In  the  sense  of  time  or 
computer  sl/e.  One  example  of  a  large  code  Is  l  ASCODI!  tlasl  Atmospheric  Signature  Code), 
developed  by  AKIL}'  It  predicts  atmospheric  transmission  and/or  radiance  for  a  variety  of  atmospher¬ 
ic  and  aerosol  scenarios  including  slant  paths  from  sea  level  to  the  upper  atmosphere,  and  It  requires  a 
very  large  computing  ability.  \n  opposite  case  Is  RI\Al.TRAN.M  which  predicts  transmission  at  select¬ 
ed  wavelengths  from  "look  up  tables"  and  is  driven  by  a  lll>‘>H2$  desk  top  calculator  and  Interfaced  In 
real  time  to  temperature,  pressure,  and  dewpoint  meters.  Desktop  or  hand  held  calculators  will  in  the 
near  future  play  important  roles  as  TIM  (Tactical  Decision  Aids)  for  laser  weapons  systems. 
I.OWTRAN"  and  IIITRAN,J  codes  are  available  In  several  lot  ms  and  generally  are  used  In  low  resolu¬ 
tion  (5-20  cm  ')  and  high  resolution  (laser)  transmission  problems  respectively  The  AITil.  ATI. AS  of 
160,000  atmospheric  absorption  lines  Is  used  by  programs  like  IIITRAN  and  I  ASI  U-"  as  Input. 
I.OWTRAN  Is  unique  In  its  ability  to  also  predict  aerosol  extinction  using  look-up  tables  for  six  model 
atmospheres:  !%2  US  Standard,  Tropical  (I5"N),  Midluiliudc  Summer  (45"N.  July),  MIdlaliludc 
Winter  (45°,  January),  Suburiie  Summer  <60"N,  July)  and  Subartlc  Winter  (M)’’N,  January),  which  sup¬ 
port  rural,  urban,  nturlilmc ,  and  fog  tropospheric  aerosol  models.  V  ariations  In  aerosol  elVeclx  with 
humidity  are  also  Included  In  the  most  recent  version  of  I.OWTRAN-5  and  the  reader  Is  referred  there 
for  more  detail.11  We  expect  that  one  Important  result  of  our  shlp-lo-ship  experiment  will  be  the  ac- 
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quisilion  of  high  ^utility  "open-sea"  aerosol  Unlit  aiul  we  anticipate  the  need  lor  comparison  with  the 
"maritime"  model. 

A  second  model  which  predicts  open  ocean  aerosol  extinction  from  Mi  l  ohservahles  i tempera- 
lure,  lutmidlty,  wind  speed)  Is  the  Wells,  Katz.  Munn  (WKM)  model.1'  14  )h  We  expect  nur  npetvaeii 
data  will  be  very  useful  for  validating  this  model.  The  IIITRAN  Code  for  predicting  high  resolution 
(lev.  laser)  absorption  requires  high  quality  laboratory  data  where  aerosols  arc  not  an  interference  In 
measurements,  and  we  expect  our  results  will  not  have  much  impact  on  the  IIITRAN  data  base.  Two 
related  areas  may  be  affected  however:  the  11*0  continuum  absorption,  and  the  fractional  population  of 
dcutcruted  atmospheric  water  vapor  1 1 11)0/ 1  Id)  ratio).  The  effect  of  the  errors  in  each  is  less  than  1(1% 
in  absorption  coefficient,  The  11*0  continuum  is  described  by  two  models:  One  attributable  to  K,  o, 
White  of  the  O  S.  Army  Atmospheric  Sciences  laboratory  at  WSMR.  the  "While"  continuum, •'*  and 
one  to  I).  I!..  (lurch  of  l  ord  Aerospace.1'1  Previous  analysis  by  J.  Dowling  of  NRl ,‘s  Honda  data  base 
was  unsuccessful  at  distinguishing  between  lire  two  models.4  I  he  open  ocean  data  which  may  he  ob¬ 
tained  undec  very  lutmld  conditions  (20  torr  or  greater)  may  involve  sutllclcnl  optical  depth  to  distin¬ 
guish  between  these  two  models,  The  111)0/11*0  ratio  problem  Is  based  on  sketchy  upper  atmosphere 
data/’  which  purports  m  show  evidence  of  large  excursions  from  the  commonly  accepted  value  of 
0.0, Vv  The  ITS  data  obtainable  In  the  shlp-to-ship  experiment  should  add  lo  the  growing  body  of  evi¬ 
dence  tat  sett  level)  that  no  significant  ti  e.,  s‘  10%  of  nominal  UV1*.)  vuiiailoivi  are  seen  in  high  quality 
measurements. 

We  have  given  ibis  brief  review  to  introduce  the  reader  to  some  of  the  computer  codes  and 
models  available  for  predicting  atmospheric  transmission  In  a  variety  of  situations.  Additional  Informa¬ 
tion  can  he  obtained  from  the  original  sources,  and  much  of  the  current  siaie-of-llte-tirl  relating 
meteorology  to  laser  transmission  may  he  found  In  the  recently  published  proceedings  of  the  NRl.- 
directed  I.IDAR  review  conference*11  cosponsored  by  OUSORIi  and  the  I T)MIT  program. 
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The  value  of  (he  data  obtained  in  the  ahip-to*«hip  experiment  is  (hut  it  will  provide  uccuratc  laser 
extinction,  ITS,  and  aerosol  data  related  to  Met  observables,  and  therefore  will  be  useful  to  many  peo¬ 
ple  in  the  Dot)  community.  Wo  now  proceed  to  describe  the  equipment  and  procedures  used  to  ac¬ 
quire  the  data,  we  assess  its  intrinsic  quality,  and  we  show  how  the  results  of  a  ship-to-ship  open-sea 
experiment  contribute  to  validating  and  Improving  current  modeling, 

H,  Aerosol  I'xthii  lloH  Ramils  anil  Models 

LoWTRAN  and  the  WKM  model  are  the  two  codos/modcls  most  likely  lo  be  directly  affected  by 
the  aerosol-related  results  of  the  proposed  transmittance  experiment.  We  now  demonstrate  why  the 

«  20%  llgurc-of-merit  for  aerosol  extinction  will  provide  useful  input  to  the  models.  The  aerosol 

*■1 

measurements  are  performed  with  four  Instruments,  plus  Met  support.  These  are  (I)  the  Knollenbcrg 
particle  spectrometers  that  measure  the  aerosol  particle  size  distribution  iln/di  vs  particle  radius,  (2)  an 
aerosol  ntass  monitor  which  given  the  mass  of  aerosols  present  In  /a grams  per  cubic  meter,  t.D  a 
nephclometer  which  gives  a  total  scattering  coefficient  in  km  ',  and  <41  the  transmittance  experiment 
which  gives  the  difference  between  the  total  extinction  amt  the  molecular  absorption  contribution,  The 
llxt  of  the  aerosol  related  measurement  equipment  Is  given  In  Table  7. 
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A  note  about  the  instrument  in  (2)  ubove  nitty  be  in  order.  So  fur  the  particle  mass  density  vs 
aerosol  extinction  relation  has  been  observed  only  by  calculating  the  mass  density  and  aerosol  extinc¬ 
tion  using  ~~  from  particle  spectrometer  results,  c.g.,  see  I'ig.  20  in  Ref.  10.  We  are  now  investigating 

the  use  of  an  instrument  that  monitors  the  muss  density  of  particles  directly  by  weighing  the  particles  in 
a  known  volume  of  air  using  a  quartz  microbalance.  We  have  not  finished  analyzing  the  data  taken 
with  the  instrument,  so  far,  und  hence  the  "To  be  determined"  remark  in  Tuble  7,  If  this  mass-monitor 
investigation  shows  promise,  und  the  ship-to-ship  measurement  will  certainly  aid  in  the  evaluation,  then 
a  device  much  simpler  thun  the  Knollenberg  spectrometers  may  be  devised  for  routine  IR-extinction 
prediction  The  mass  density  will  not,  however,  provide  good  visibility  information  and  hence  the  in¬ 
clusion  of  the  nephelonieter  (3)  above. 

It  should  be  noted  how  the  elements  of  Table  7  are  interrelated: 

•  Total  extinction  is  the  sum  of  aerosol  scattering,  aerosol  absorption,  and  molecular  absorption. 

•  Aerosol  muss  concentration  is  related  to  the  MIE  scattering  result  if  the  particles  arc  spherical  and 
homogeneous. 

•  Visibility  (0.5  gm)  is  related  to  scattering  at  3,8  gtm,  (The  relationship  is  nonunique,  however). 

•  Point  and  path  integrated  measurements  ear  be  compared  to  extract  neur-ship  effect. 

An  Important  resuit  of  the  experiment  will  be  analysis  or  the  dutu  to  obtain  how  well  the  sepurute 
Instruments  are  correlated, 

Clearly  one  cannot  expect  to  provide  each  Naval  vessel  with  u  laser  trunsmissometer  und  state-of- 
the-art  Met  geur  for  monitoring  IR  atmospheric  transmission,  One  important  result  will  be  the  correla¬ 
tion  of  "simple"  observables:  humidity,  temperuture,  wind  speed,  with  laser  extinction.  This  is  where 
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(he  expected  impact  on  programs  und  models  such  as  LOWTRAN  and  WKM  will  fall. 

Figure  13  provides  an  indication  of  the  performance  intcrcomparison  between  identical  Knnllcn- 
berg  particle  counters,  Seven  counters  and  a  Ramus  I  ransmissonielcr  on  San  Nicholas  island  were 
computed24  on  a  common  site  and  a  50%  spread  in  predicted  ku  between  instruments  is  noted.  For 
each  instrument  a  20%  error  in  repeatability  is  common.  Figures  14  and  15  indicate  two  very  important 
measurement  results  from  previous  open-sea  aerosol  measurements  aboard  the  research  vessel  USNS 
HAYES  in  1977, 4  Figure  14  Indicates  an  order  of  magnitude  decrease  in  the  number  of  2-10/u  size 
particles  from  9  to  15  meters  above  the  ocean  surluce.  Figure  15  demonstrates  the  large  influence  of 
near-ship  effects  of  over  an  order  of  magnitude  increase  in  aerosol  extinction  between  stern  and  bow 
wind  conditions.  Such  near-ship  effects  will  be  examined  in  our  data  since  we  will  be  able  to  analyze 
the  difference  between  our  point  and  path-integrated  MET  observations.  The  important  change  in  par¬ 
ticle  size  distribution  toward  fewer  large  panicles  in  open-sea  conditions  is  clearly  shown  In  Figs.  16  and 
17.  Figure  16,  which  shows  Mie-extlncliott  results  from  open-sea  measurements  gave  an  average  aero¬ 
sol  extinction,  at  3,8  jum,  of  about  0,01  km  1  for  19  days  of  observation  in  the  North  Atlantic. m  By 
contrast,  Fig,  17  shows  that  over  an  order  of  magnitude  increase  in  the  average  3.8  nm  extinction  was 
observed  at  the  coast  at  Cape  Canaveral  Air  Force  Stutlon,  Florida.'"  Figure  18.  from  three  days  of  ob¬ 
servations  aboard  LEXINGTON  in  1979,  shows  an  average  in  between  the  coastal  and  sea  distribu¬ 
tions,'1  Clearly  a  20%  measurement  accuracy  In  extinction  coefficient  can  distinguish  between  these 
two  distributions,  We  have  shown  that  a  20%  precision  in  k„  is  a  reasonable  expectation,  and  data  of 
this  precision  can  provide  valuable  Information  on  aerosol  extinction,  and  open-ocean  vs  coastal  particle 
size  distributions, 

C.  Molecular  Absorption  Results  and  Models 

The  molecular  absorption  In  the  DF  region  is  mostly  due  to  111)0,  HjG,  the  water  vapor  continu¬ 
um,  and  lesser  contributions  from  N20  und  CH*,  The  N2n  and  Cl l4  concentrations  are  expected  to  be 
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over  a  3  diy  period 


near  their  at  n  non  leal  concentrations  of  0,28  ppm  unil  1.6  ppm  respectively,  These  values  can  be  easily 
checked  from  the  ITS  spectra.  The  lljrt  and  HDO  concentrations  are  related  by  the  commonly  accept¬ 
ed  value  of  0.03%  HDD.  Although  some  questions  exist  regarding  the  independence  of  the  ratio  with 
altitude37  as  we  alluded  to  curlier,  we  cun  check  this  number  with  analysis  of  the  FI'S  spectra.  Figure 
19  displays  FTS  spectra  in  the  3,‘>4  /uni  region  for  a  6.4  km  path  at  WSMR."  Note  the  high  quulii>  of 
the  spectrum,  The  regulur  spacing  of  the  N,0  lines  allows  simple  data  reduction  since  no  overlapping  Is 
presont.  The  N,U  data  presented  hero  yielded  a  value  of  <0,278  ±  .03)  ppm,  very  close  tit  the  accepted 
vuluc  of  0.2H  ppm.  Results  also  Indicated  no  departure  from  0.03%  111)0/11,0,  and  Cll4  concentrations 
were  observed  to  be  some  50%  above  the  1.6  ppm  standard. 

Figure  20  shows  a  plot  of  several  closely-spaced  water  vapor  absorption  lines,  two  of  which  are 
111)0,  near  3.6b  /am.  These  data  were  replotted  from  archival  storage  of  results  taken  during  Sep¬ 
tember,  1976,  over  a  5.12  km  path  at  Puluxent  River  Naval  Air  Test  Center,  for  11.3  torr  of  amnlent 
wuter  vapor.7  These  data  urn  of  very  high  quality  Indeed,  ns  very  little  noise  Is  observable.  The  absorp¬ 
tion  coefficients  of  two  of  these  lines  can  be  determined  to  an  accuracy  of  5%  or  better,  The  molecular 
integrulcd  line  strengths  are  available  from  the  1980  AFtlL  Atlas13  and  are  given  In  Table  8  below, 


Table  8  —  111)0  and  11,0  Absorption  Line  Parameters  Near  3.66 /am 


Molecule 

1* 

IIWHM 

S' 

111)0 

2730.928  cm  1 

.098  cm  1 

2.65  « 

It)  u  cm  'Hnol/cm3 

11,0 

- . . 

2732, *93 

,056 

1 .09  x 

It)  M 

Our  analysis  of  this  spectra  yields  a  value  of  <0,028  +  ,0031%  HIM),  This  Is  an  example  of  the 
high  quullty  results  available  from  the  ITS  spectra.  The  Pax-River  ease  represents  an  optical  depth  of 
57.86  torr-km  of  wuter  vapor.  In  our  planned  experiment  we  cun  reasonably  expoel  an  optical  depth  of 
100  torr-km  or  more.  Figure  21  gives  un  indication  of  how  measurement  of  the  1100/11,0  ratio  Im¬ 
pacts  current  IIHL  test  results  Interpretation,  lo  produce  this  figure  we  used  a  recent  MIRAC'l.  lest 
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result  power  spectrum,  kindly  supplied  by  Or.  J.  Strcgack.  to  fold  together  the  weighted  absorption 
coefficients  of  some  20  Oh  lines,  nnd  varied  the  result  with  the  IIOO/lliO  rutin.  The  result  shows  u 
very  linear  relation  between  net  absorption  (above  the  floor  ol'  .0,1  km  1  lor  mid-latitude  summer)  and 
111)0/1  HO  ratio.  The  uncertainty  of  10%  or  less  may  or  may  not  he  significant  depending  on  the 
seenurio,  linear  absorption,  blooming,  etc.,  and  the  power  spectral  distribution  at  the  time.  However, 
results  of  the  ship-to-shlp  expet  Intents  are  expected  to  narrow  the  error  hat  s  on  the  ,01%  ratio  at  sea 
level. 

The  measurement  accuracy  of  the  dew  point  meters  (l-Xt&Ci  Model  I  HI  S-Mi  is  1,5%  (state  of  the 
art),  lor  moderate  to  high  humidity  at  expected  moderate  to  high  temperature  we  calculate  this  Implies 
a  1,8%  accuracy  in  measuring  the  ll20  partial  pressure,  At  5  km  and  ~  20  torr  I  HO  this  yields  a 
irunsmlitanee  unecrtulnty  of  about  0.5%  and  hence  an  error  In  extinction  of  2%  at  80%  /*2(8)  transmit' 
lance.  This  Is  well  within  bounds  of  useful  data.  The  accuracy  will  he  even  better  at  /y8). 

The  high  resolution  molecular  spectra  presented  above  Iras  been  shown  to  be  very  useful  for  ex¬ 
tracting  path-integrated  molecular  concentrations.  A  second  quality  of  great  Interest  in  ihe  molecular 
spectra  is  the  water  vapor  continuum.  The  physical  origin  of  the  water  vanor  continuum  Is  probably  re¬ 
lated  to  the  cumulative  absorption  of  the  far  wings  of  water  vapot  absorption  lines.  Two  models  are  In 
current  use  In  the  3, 5-4, 2  gnt  region;  the  "Burch"  model*1  and  the  "White"  model. !J  (ienorully  the 
Burch  model  Is  criticized  for  not  predicting  enough  absorption  where  the  White  continuum  lends  to 
predict  loo  much  ut  the  shnrl  wavelength  end  of  the  l)l‘  region  Both  models  are  based  on  laboratory 
measurements  in  closed  cells.  The  Unite  vapor  prosuurc  of  w,.ier.  entrance  aperture  size  and  mirror 
reflectivities  limit  the  amount  of  optical  depth  available  in  laboratory  experiments  to  at  most  .11)  to  40 
inrr-kllometers. 

At  live  kilometers  path  ami  20  torr  of  water  vapor  we  would  see  an  optical  depth  of  100  torr* 
kilometers,  The  spectrum  near  /y8)  is  shown  in  fig.  22.  and  we  see  the  two  continue  yield  7.1% 
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transmittance  for  the  Burch  model,  unci  63%  for  the  White  model.  At  un  uverugc  transmittance  of  68% 
and  un  assumed  error  of  2%  wc  obtain  an  expected  error  of  5.2%  in  molecular  extinction.  Allowing  for 
an  aerosol  absorbance  of  0.15  (0,03  km"1  x  5  km)  analyzed  at  a  ±20%  uncertainty  gives  a  range  of 
aerosol  absorbance  of  0,12  to  0.18  The  Burch  and  White  absorbances  work  out  to  0,13  and  0,23 
respective!'  each  with  5%  uncertainty.  Considering  the  aerosol  uncertainty,  the  molecular  uncertainty, 
und  the  small  contribution  from  the  nitrogen  continuum  which  we  know  with  great  certainty,  we  should 
be  able  to  conclusively  tell  which  model  correctly  predicts  the  observed  absorption.  The  expected  spec¬ 
tra  as  plotted  in  ,rig.  22  demonstrates  this, 

The  molecular  absorption  spectra  that  we  have  presented  here  huve  yielded  absorption  coefficient 
results  well  within  the  10%  uncertainty  that  we  have  projected  for  the  shlp-to-ship  transmission  experl* 
mcni.  Spectral  data  of  10%  or  less  uncertainly  will  address  the  following  important  questions, 

1.  How  well  docs  measured  dew  point,  measured  at  the  path  end-points,  correlate  with  path  Integrat¬ 
ed  water  vapor  absorption? 

2.  Does  the  open  ocean  HDO/HjO  rulio  vary  significantly  from  0,03%? 

3.  Does  the  measured  water  vapor  continuum  absorption  distinguish  between  the  Burch  and  White 
Models? 

Considering  the  high  quulity  of  the  high  resolution  dutu  to  be  available  from  this  experiment  we 
should  be  able  to  provide  quantitative  and  meaningful  answers  to  these  questions.  Of  particular  ron* 
cern  to  the  Navy  1IEL  community  will  be  the  correlation  between  predicted  and  measured  absorption. 
This  will  be  discussed  In  detail  in  Section  V  in  relation  to  ihc  critical  thermal  blooming  problem. 


42 


V.  IMPACT  OF  THIS  EXPERIMENT  ON  NAVY  HEL 

In  the  previous  chapters  we  have  given  an  in-depth  description  of  the  ship-to-ship  DF  laser 
transmit  lance  experiment,  We  have  gone  through  the  details  of  estimating  the  errors  in  transmittance, 
extinction  coefficients,  Instrumental  errors,  and  required  accuracies  such  that  the  results  might  have 
significance,  We  now  review  tl  «se  points  and  discuss  how  these  results  will  Impact  the  larger  scope  of 
Navy  HEL,  programs.  A  very  important  aspect  of  this  program  is  to  examine  the  predictive  ability  of 
models  as  they  relate  laser  propagation  to  meteorological  observables.  Thermal  blooming  effects  In 
high  energy  laser  transmission  depend  principally  on  the  absorption  coefficient  und  wind  speed.12  A 
previous  NRL  study11  briefly  exumined  the  sensitivity  of  thermal  blooming  effects  to  meteorological 
variables.  We  will  examine  this  important  1 1  EL  propagation  eff  ect  in  relation  to  our  experiment. 


's-sttsiKjyv 


A,  Moth' I  Validation 


The  two  problems  of  prime  concern  to  us  ure  aerosol  extinction  and  molecular  ubsorptlon.  In  the 
former  we  expect  to  have  a  very  significant  impact  in  that  we  expect  the  dutu  to  add  to  the  growing 
body  of  NRL  evidence  that  an  "open-sea"  uerosol  model  Is  needed,  and  concurrent  measurements  of 
the  ship's  Impact  on  the  open-sea  condition.  Previous  NRL  open-seu  uerosol  measurements  huve 
shown  u  distinct  order  of  magnitude  decrease  In  »hc  number  of  2-10  m  size  aerosols  in  open  occun  vs 
coastal  measurements,  One  likely  result  of  the  measurement  is  the  recommendation  that  an  "open- 
ocean"  aerosol  model  option  be  added  to  LOWTRAN. 

A  second  anticipated  result  Is  the  need  for  study  of  neur  ship  aerosol  distributions.  Much  has 
been  mude  of  the  requirement  that  it  ship-based  HEL  weapon  needs  to  be  stern  mounted,  but  no  exten¬ 
sive  aerosol  studies  have  been  made  on  an  aircraft  currier.  Particular  attention  needs  to  be  paid  to  the 
variation  of  exilnction  with  the  height  above  the  sea  surface.  .Statistical  models  such  us  WKM  may 
need  to  be  re-examined  If  our  dutu  base  is  of  the  quality  that  we  expect.  Accurate  prediction  of  aerosol 
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extinction  bused  on  "simple"  observables  (wlndspeed,  humidity,  air/water  temperature)  will  play  an  ever 
increasing  role  in  the  development  of  TO  A,  Hence  high  quality  data  relating  Met  to  extinction  is  a 
necessity. 

The  effect  of  our  expected  results  on  molecular  absorption  modeling  is  not  likely  to  be  us  exten¬ 
sive  us  that  on  aerosol  modeling,  The  HITRAN  code  has  gone  through  over  ten  years  of  revisions,  and 
has  been  fine  tuned  to  state-of-the-art  high  resolution  measurements,  However,  our  expected  contribu¬ 
tion  will  be  the  use  of  HITRAN,  with  our  field  data,  to  relate  humidity  to  extinction,  to  carefully  exam¬ 
ine  the  IU)O/ll30  ratio  question,  und  to  provide  spectroscopic  support  to  the  separation  of  molecular 
from  aerosol  extinction  in  the  laser-transmittance  part  of  the  experiment, 

B.  HEL  Sensitivity  to  Absorption  CucMIdcnt  Measurement  Accuracy 

An  Important  concern  in  the  design  of  the  at-sea  transmission  experiment  is  the  issue  of  how 
HEL  performance  predictions  ure  affected  by  expected  errors  in  the  derived  ubsorplion  coefficients. 
While  we  have  not  yet  undertaken  a  complete  parametric  analysis  of  this  problem,  u  simple  calculation 
wus  performed  to  Illustrate  the  general  form  such  a  sensitivity  study  would  tuke, 

A  set  of  conditions  wus  selected  to  allow  a  complete  analytic  treatment  without  recourse  to  the 
computer,  Nonllneur  propagation  wus  bused  on  an  empirical  fit  to  a  large  amount  of  data  as  reported  by 
Gebhurdt,34  This  fit  Is  of  the  form 


f  vaHi)  1+  0.0625/V* 

where  Ip  -  pouk  Intensity  at  runge  P «  laser  output  power,  k„,  -  absorption  coefficient, 
</(:)«  beam  radius  at  range  :  and  N  «  distortion  coefficient  given  by 

ff  >,  V,»«,f 

where  nr  -  coefficient  of  Index  change  with  respect  to  temperature,  n0  -  ambient  rcfructlve  Index, 
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fin  -  umbicnt  atmospheric  density,  v„  -  wind  velocity,  und  <r0  equal  beam  radius  at  the  laser. 

If  we  assume  that  a  missile  of  velocity  v,„  is  irradiated  initially  at  a  very  large  range  and  remains 
thereafter  within  the  focal  volume  of  the  laser  as  it  approaches,  then  the  total  accumulated  llucncc. 


/■.'(:),  at  any  range  r  is  given  by 


£<:)  -  —  f 

V  »<>  '' 


The  beam  radius  «(*)  at  focus  is  given  by  0ASlik:/l)  where  fi  is  a  measure  of  the  poorness  of  the 
beam  quality,  k  is  the  laser  wavelength  and  (2>/5<#n>  Is  the  laser  aperture  diameter.  Thus 

/.•(.)  -  f  ’ _ _  (4) 

w (0.45) 2\ 2v„,  •''**  (s‘)J  (l  +  0.0625/V|?:,J) 

where  we  httve  ussumed  small  absorption,  km:  «  I,  no  slewing  and  strong  focusing,  «<>/«(:)  »  1. 
so  that  Clebhardt's  Hq.  (34)  applies  and,  thus, 

N„-  8,74  kmP/Vtfik  I), 

The  integration  In  Eq.  (4)  can  be  performed  to  yield  the  result 

k,,|J.2J  Nn  „  ,| 

/;(:)  -  ", —  "n~77~l —  T  ~  *tn  1  *,t -  (5) 

n(0AS)}li}k\m  2  .Vo 


0,25  Nu:, 


wc  can  rewrite  (5)  for  our  purposes  as 

,r  «■  v'(,25  Nu)  l  l _ | _  1 

1  "  n{QAS)lH 2k1  ~  v,;  3  ,25  ,V„: 

0,11  «4v,? 

i.i  uS" 

nm  '  <• 

The  various  Inllucnce  coelllclenls  for  a  sensitivity  unulysis  are  now  straightforwardly  obtained. 


Two  such  arc  given  here: 
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(1)  Delivered  fiuence  sensitivity  to  errors  in  measured  absorption  coefficient  at  constant  range: 


SB 

B 


V  ■  cortii 


_  2  H, 

km 


(.7) 


(2)  Sensitivity  of  damage  threshold  range  to  errors  in  absorption  coefficient  at  constant  threshold 
fluence: 


A? 

t 


k  «■  conn 


2  Hi 

3  km 


(8) 


We  selected  some  nominal  values  for  P,  v0,  A  and  km  (which  will  not  be  specified  here  In  the  in¬ 
terest  of  keeping  this  report  unclassified) ,  in  so  doing  we  generated  a  curve  which  represents  one  of  a 
family  which  are  possible  performance  cutves,  given  our  possible  errors  in  measuring  km,  the  absorp¬ 
tion  coefficient.  For  assumed  errors,  Ak,„,  of  ±10%  in  the  at-sea  transmission  measurement,  the  en¬ 
velope  of  these  curves  Is  shown  for  one  case  In  Fig.  23.  The  sensitivity  In  range  at  the  r  -  2  km  point 
is  Indicated  on  the  figure  for  Illustrated  purposes. 


Comments  and  Conclusions 


(1)  This  simple  calculation  Is  offered  only  as  suggestive  of  the  sensitivity  anulyses  which  will  be 
performed  to  derive  a  desired  limit  on  the  error  which  can  be  tolerated  In  the  at-sea  transmission  meas¬ 
urement  program,  Nevertheless,  we  seem  to  be  "in  the  bull  park"  for  un  accurate  enough  measurement. 

(2)  We  anticipate  that  the  ship's  boundary  layer  will  be  so  significant  that  any  model  assuming 
homogeneous  absorption  and  scattering,  such  us  the  sumpie  calculation  here,  will  be  misleading. 
Influence  coefficients  for  strongly  nearfield  perturbed  beams  ure  an  important  by-product  of  this  experi¬ 
ment. 


(3)  Worst  case  conditions  will  be  during  propagation  through  the  ship's  polluting  plume  due  to 
both  low  relative  wind  vector  and  higher  ubsorptlon  (cf:  < v(l/ Ar,„ ) 2  term  in  Ei),  (6),  In  addition  this  re- 
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gion  of  buttlospuce  will  be  lull  of  structure  (turbulence,  aerosol  and  sea  spray  discontinuities,  gaseous 
plumes  from  ship  and  aircraft  etc.),  Clearly,  careful  analysis  of  this  region  cun  only  be  credible  If 
backed-up  by  a  suitably  designed  remote  sensing  (l.ll)AR)  system. 

C.  Future  use  ut  the  Tracker 

An  important  Issue  in  the  HBL  propagation  study  has  not  been  uddreasedi  the  beam  spread  due  to 
optical  turbulence  under  ui-sou  conditions.  Measurements  of  beum  spread  ut  3,8  microns  only  exist  for 
overland  conditions,  lust  how  severe  !H  turbulence  effects  are  over  water  has  not  been  determined. 
Nor  has  the  lever-arm  effect  that  would  occur  in  the  nout-shlp  atmosphere  been  assessed.  After  finish¬ 
ing  this  llrst  shlp-to-shlp  measurement  the  tracker  system  with  only  slight  modllkation  could  study 
these  very  Important  issues.  And,  the  required  equipment  for  the  mndlllcutlon  already  exists  as  duos 
the  data  reduction  system  and  software  expertise. 

The  trucker  will  also  be  u  valuable  asset  for  future  Dot)  programs  for  which  careful  assessment  of 
utmosphcrlc  effects  Is  an  important  technical  requirement.  Its  mobility  gives  it  virtually  unlimited  tic- 
cess  to  field  sites  where  electro-optical  system  tests  ure  undertaken.  Possible  posi*U:,XIN(JT()N  pro¬ 
jects  Include: 

(II  Long  range  slant-path  transmission  measurements,  utilizing  a  Hying  (aircraft  or  satellite) 
tracking  beacon;  bluekbody  source  and  laser  retrorcllector  to  study,  e  g.,  atmospheric  straillkutlon, 
effects  of  Inversion  layers  on  K-D  systems,  tropopuuse  peculiarities,  ozone  layer,  stratospheric  free  radi¬ 
cal  effects,  Incipient  cloud  effects,  transmission  through  weather  fronts,  etc.  Potential  sponsors:  NA- 
VAIR  370,  DARPA,  KOMUT. 

(2)  Generation  of  stailstlcul  data  base  of  near-field  turbulence  effects  on  blue-green  and  UV  lasers 
In  support  of  DARPA  uplink  and  Navy  SSC'  programs,  These  dutu  could  be  taken  at  candidate  sites  for 
luscr  transmitter,  Potential  sponsors;  DARPA. 
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O)  I  tivh  resolution  spectral,  transmission  duta-tuking  in  support  of  Hold  tests  or  future  EO  systems 
e  g.,  IKST.  laser  designators,  beam  rider  systems  etc.  Sponsors:  Specific  system  sponsors. 

(4)  Support  of  other  service  programs  in  utmosphcric  optics  including  ll.S.  Air  I'orcc  slant  visibil¬ 
ity  studies  for  A/C  landing  and  takeoffs  und  support  of  smoke  and  dust  tests  curried  out  by  U.S.  Army. 

(5)  Support  of  International  defense  programs  in  utmospherlc  optics  through  NATO,  RSG-8,  and 
TTCPJ  AG/9, 

(6)  Use  in  UDAR  mode  in  support  of  developing  programs  in  truce  chemlcul/blologicul  agent 
detection,  vehicle  emission  detection,  tracer  detection  for  monitoring  presence  of  passing  ships  etc. 

(7)  Possible  tote  in  support  of  actual  anti-missile  testing  at  SKA  LITE  including  real-time  data 
gathering  for  aid  In  performance  assessment,  additional  spectral  or  spatial  trucking  of  targets,  UDAK 
data  on  puth  structure,  especially  desert  plumes,  wind  sheur  und  dust  clouds. 

Thus,  we  anticipate  that  the  current  NAVSI-.A/KOMKT  Investment  will  pay  dividends  In  future 
KO  system  support  In  the  Navy  and  throughout  DoD, 
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Appendix  A 

PRELIMINARY  TRACK KR  TKST  PI, AN 

in  order  Tor  PMS/405  and  NRl.  to  asses  progress  on  the  shlp-to-shlp  meusuroments  program, 
NKL  will  perform,  during  Autumn  1981,  un  extensive  unulyuis  of  the  trucker  perfnrmunce.  The  test 
uiul  measurements  will  be  conducted  on  the  roll-und-pitch  plutfarm  ut  NRL's  Chesnpeuke  Huy  Division. 
The  trucker  ussembly  will  be  mounted  on  the  platform  und  exercised  to  slntulutc  til-sea  conditions  us 
are  expected  aboard  LKXINUTON,  A  fixed  beuenn  will  be  mounted  on  it  stable  mount,  probably  on 
the  juck-up  barge  offshore  in  Chesnpeuke  Huy,  together  with  the  trucking  equipment  (quud-cell,  detec¬ 
tor,  trucking  data  link,  eel.),  he  following  tests  und  measurements  will  be  performed: 

1.  The  error  signal  in  the  servo-electronics  will  be  recorded  ns  the  trucker  simulate*  the  ut-sen  mo¬ 
tion.  Analysis  of  this  dutit  will  be  used  to  evaluate  the  electronics  control  design. 

2.  The  degree  of  difficulty  of  acquiring  the  target  will  be  measured.  Several  people  will  each  employ 
the  Joystick  sys'nm  for  target  acquisition,  us  the  system  is  in  motion. 

3.  The  quad-cell  xlgnal-tn-noise  will  be  meusurod  ut  severul  ranges. 

4.  The  bourn  size  und  strength  of  the  CiuAs  luscr  system  will  ne  studied  ''or  turbulence  elfecls, 

A  report  dlseussirg  ihe  results  und  conclusions  of  the  above  tests  will  bo  delivered  to  PMS/405  on 
or  before  i  I  January.  1982. 
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1.  INTRODUCTION 

In  March  1979,  Appendix  A,  "Mount  Control  Systems" 
was  written  as  an  addition  to  "A  Shipboard  Experiment  for 
DP  Laser  Propagation  Measurements"  by  R.F.  Horton  (June  1979). 
This  briefly  discussed  the  N/H  tracker  in  general  terms. 

We  calculated  ship-based  fixed-target  tracking  errors  of 
25-100  prad  based  on  a  guess  as  to  the  achievable  servo 
unity  gain  bandwidth. 

With  considerably  more  information,  we  produced  a 
"Nike  Hercules  Interim  Report",  dated  24  April  1980. 
Unfortunately,  at  that  time  anomalously  high  friction 
was  measured  on  the  mount  which  created  uncertainties. 
Nonetheless,  the  predicted  errors  were  in  the  same  range. 

In  December  1980,  we  installed  a  position  control 
system  o"  mov-t.  This  used  50  urad  resolution  shaft 
angle  encoders  to  measure  the  position  instead  of  the 
beacon  tracking  silicon  quadrant  which  will  come  later. 

In  addition,  the  mount  was  on  stationary  dry  land  and 
therefore  the  servo  system  did  not  have  to  handle  external 
perturbations.  However,  the  transient  response  to  step 
inputs  added  more  information  which  can  be  used  to  predict 
performance  expected  in  the  field. 

At  this  point  it  seams  appropriate  to  try  to  tie  these 
together.  In  addition,  a  new,  potential  requirement  for 
tracking  moving  targets  makes  it  worthwhile  to  look  at 
the  possibilities®  there.  In  responso  to  questions  from 
individuals  trying  to  evaluate  progress,  we  will  keep  the 
discussion  on  a  non-spocialiBt  level.  A  general  understanding 
of  Laplace  transforms  will  be  very  useful,  however. 
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He  will  examine  different  "types''  of  servo  systems 
and  in  particular  errors  one  might  expect.  Then  we  will 
look  at  a  more  general  system--one  that  combines  two  types. 
This  model  will  be  adapted  to  a  "real"  system  such  as 
the  N/H  tracker.  Lastly,  some  experimental  results  and, 
based  on  this,  projections  of  future  performance  will  be 
given. 


63 


MMC/10602 


2.  ERRORS  FROM  DIFFERENT  "TYPE11  SERVO  SYSTEMS  ""BANDWIDTH 

After  a  baaic  discussion,  we  find  steady  state  errors 
for  various  inputs  and  "types",  which  term  is  explained. 
Bandwidth  can  have  a  slightly  different  meaning  than  the 
usual  -3  dB  one,  and  this  is  explained  below. 

2.1  Basics 

The  need  for  feedback  can  be  illustrated  by  Fig.  1. 
Without  it  (H-0) , 


C  «  GE  «  GR 


(2.1) 


If  G  could  be  made  well  behaved,  then  no  feedback  would 
be  necessary.  Often,  however,  G  includes  a  power  amplifier 
or  motor  whose  charactAvj sties  are  not  only  nonlinear  but 
change  with  time.  The  basic  feedback  operation  is  to 
compare  the  input  R  with  a  sample  of  the  output  B  (or  the 
output  C  if  H“l)  to  produce  an  error,  E,  which  drives 
an  amplifier  G.  The  bottom  line  usually  is  what  is  E? 

We  have 


when 


C  -  GE  -  G(R-HC) 

c  "  TTgh  b 

E  *  R  •  iflii R  ■  t?5h 

G  00 ,  C  •*  R/H,  and  E  ->  0. 


(2.2) 


A  desirable  system  results  if  G  is  large  and  H  is 
the  inverse  of  the  desired  input  to  output  transfer  function. 
Here  the  assumption  is  made  that  a  sufficiently  accurate 
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H  element  can  be  built.  For  instance,  a  shaft  angle 
encoder  to  feedback  angle  information  will  always  be  more 
precise  than  a  1  Hp  motor  to  control  the  angle,  but  even 
ao  the  desired  precision  can  sometimes  tax  the  capabilities 
of  the  feedback  sensor  (as  in  the  N/H  case) . 

2. 2  Unity  Feedback,  H«1 

Without  too  much  loss,  we  can  simplify  the  discussion 
by  assuming  unity  feedback,  H*l.  This  means  we  have  a 
perfect  measuring  device  on  the  output  and  want  it  to  be 
an  exaot  replica  of  the  input.  Equation  2.2  becomes 

C  G 

—  “ 

T  "  173“  (2,3) 


2.3  Instability 

Now  it  would  appear  that  all  we  have  to  do  is  make 
Q  infinite  by,  for  instance,  the  addition  of  electronic 
amplifiers  in  front  of  the  motor.  As  is  well  known, 
however,  the  system  can  become  unstable  if  the  gain  is 
made  too  high.  To  illustrate,  suppose  we  are  not  too  greedy 
and  are  willing  to  settle  for  a  system  which  is  very 
accurate  at  low  frequencies  only.  We  will  make  G  large 
theru  but  let  it  fall  off  ns  frequencies  increase.  Wo 
oouJd  try  (aesuming  ideal  motors,  etc.) 


Gq  *  a  constant 
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Then, 


and 


C  Q  m  K _ 


S 

6*+K 


(2.5) 


(2.6) 


Thus*  the  error  at  sero  frequency  i»  aero  but  it  can  be 
ehown  that  the  response  to  an  input  would  be  of  the  form 

C(t)  *  exp(+ot)  sin(/T  ot  +  $)  (2. 

a  .  (k/B) 1/3 
4,  m  aome  phase  angle 

Tn  oth ?r  words,  the  output  would  grow  exponentially  (the 
system  is  unstable) . 

The  major  effort  in  servo  design  is  ’to  minimise  the 
error  but  keep  the  system  stable. 


2.4  System  Type 

Quite  often  the  forward  open  loop  gain  Q  can  be  written 
in  the  form 


0(8) 


(2.8) 


where 


and  where 


0,  «  a  constant 
n  ■  0,  1»  2 1  3,  etc. 

N(0)/D(0)  ■  1 


bb 
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The  definition  of  servo  system  type  is  simple » 

Type t  0  I  XI  XXX  etc. 

nt  0  1  2  3 

We  saw  above  that  iype  XXI  systems  can  be  unstable  and 
we  will#  as  is  usually  done,  restrict  ourselves  to  Type  xx 
or  lower. 


Steady  State  Errors  with  Algebraic  Input* 


One  evaluation  criteria  for  a  servo  system  is  the 
residual  or  steady  state  error  remaining  after  inputs  like 
steps,  ramps,  and  parabolas.  Two  of  these  are  the  integrals 
of  the  previous  one  and  go  as  tm,  as  in  the  table  below. 


Kind 

R(S) 

m 

step 

u.i<t) 

1/8 

1 

ramp 

tu-;L(t) 

1/S2 

2 

parabola 

1/2  t2U.x(t) 

1/S3 

3 

The  simplicity  of  the  Laplace  transform,  R(S) ,  is 
helpful  because,  even  without  knowing  the  detailed  transient 
response,  one  can  find  steady  state  values  using  the  final 
value  theorem.  For  the  error,  we  have 

e.-  s  lim  a (t)  -  lim  SE(S)  »  lim  r|4fi-r  (2.9) 

s+0  s+0  A‘f0's' 


This  can  be  simplified  if  we  use  a  low  frequency  approximation 
0(8)  *  Gx/Sn.  Then  for  the  algebraic  inputs, 


isasa  uohi  tjrtN  i  * *n*  i  •■r?' 


with  the  following  result*  for  steady  state  errors,  e  i 


s\m 

step 

1 

ramp 

2 

parabola 

3 

0 

(Q^l)"1 

OB 

m 

1 

0 

of1 

m 

2 

0 

0 

°f1 

The  steady  state  errors  are  either  infinite,  finite, 
or  aero.  Since  >>  1  (usually) ,  the  finite  errors  or© 
inversely  proportional  to  gain.  Type  0  systems  are  rarely 
used  in  tracking  servos  because  of  tho  non-zoro  errors, 
and  parabolic  inputs  are  not  often  encountered.  One 
therefore  tends  to  concentrate  on  Type  I  and  II  systems 
with  step  and  ramp  inputs. 

(See  Section  2.5B,  page  10) 

2,6  Steady  State  Errors  with  Sinusoidal  Inputs 

If  the  tracking  system  is  mounted  on  a  table  which 
oscillates  sinusoidally,  the  equivalent  input  is  an 
identiaal  sinusoid.  Thus, 


r(t)  ■  sin  w_t 

sp 


(2.11) 


R(S)  »'  ~T" - 

R*  +  w. 


but  in  the  steady  statu, 

|e (t) I  « 


(2.12) 


(2.13) 
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Using  G  ■  Q^/Sft,  we  have  for  error*  due  to  unit  ainusoidsi 


Type  Error  Magnitude 
0  (1+G1)“1 

i  (l  +  OiaA»ta)‘1/2 

II  (1  -  O^V1 


Approximate  Error 
(w#  «  Gx) 


V°1 


»,s/01 


Again#  the  error  ia  inversely  proportional  to  gain 
and  deoreaaea  aa  the  type  goes  up  (ainoe  <<  G^) . 


2.7  Bandwidth 

■MPMHMWMMIIMaMMI 

Looking  at  Eq.  2,13  one  might  oonolude  that  the 
3  dB  bandwidth  occurs  when  G(ju)  «  j.  This  is  approximately 
true#  but  not  a  useful  concept  since  the  transient  response 
can  differ  considerably  from  a  simple  filter. 

The  more  usual  frequency  characteristic  is  the  similar 
unity  gain  crossover  frequency,  ■  u>1/2tt ,  defined  by 


|G(Wl)|  -  1 

or  the  Type  systems  discussed  so  far#  is t 


(2.14) 


Type 


G  (S) 


u)^/w 
(u>1/u»)  '* 


where  G(S)  was  assumed  to  be  G.  /Sn 
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The  sinusoidal  tracking  errors  ware  discussed  in  the 
1979  Appendix.  At  that  time,  we  anticipated  ship  rolls 
of  *2*  in  12  sec  periods  with  unity  gain  crossovers  for 
Type  II  systems  of  1.5  to  3.1  Hz  to  yield  100  yr  to  25  tar 
errors,  respectively .  In  the  Interim  Report  we  discussed 
more  realistic  ship's  roll  rates  of  1*  in  a  worst  case 
l$-sec  period,  This  is  considerably  easier  than  before, 
but  in  December  1980,  as  we  discuss  below,  we  could  only 
achieve  an  0,8  Hs  unity  gain  bandwidth, 

With  these  newer  results,  we  have 

t1  m  0.8  H*  (2.15) 

■  2n f ^  -  5  rad/sec 
A  ■  1*  ■  17.4  mrad 

is  *  2ir/T  "  0.4  rad/scc 

% 

Typo  ■  II 

°ss  "  *l(u)e/wl)2  *  111  wra<5 

which  is  slightly  higher  than  we  first  guessed. 
Unfortunately,  we  do  not  have  a  pure  Type  II  system  and 
do  these  results  are  a  lower  bound  on  the  error.  On  the 
other  hand,  the  0.1  Ht  represents  only  a  3-day  effort 
with  a  fully  operating  mount,  rurthar,  typical  roll  rates 
are  expected  to  b©  down  by  a  factor  of  4.  We  will  return 
to  this  in  Section  5.2. 


11*13 
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2. SB  Steady  Strata  Error  Coefficients 

Another  bit  of  nomenclature  involves  the  so-called 
error  coefficients  which  are  defined  for  steps#  ramps# 
parabolas#  etc.  These  are  a  little  more  general  then 
the  error  computation  given  in  Section  2.5.  Given 

R(S)  -  S_m  a  ■  1#  2#  3#  eta. 

then 


e 


ss 


Ilia 

®*0 


-  lim 
S*0 


1 

,m-i  +  sn>-la(i) 


m- 2  #  3  #  ... 


where 


F  -  lim  Sm-1G(S) 

m  s^o 


If  we  Identify  1,  2#  3  with  a  step#  ramp#  end  parabola# 
then  the  error  coefficients  are  conventionally  identified 
as  relatsd  to  position#  velocity#  and  acoelaration.  Tha 


following  table  may  help. 

m  Input  Designation 

Coefficient 

Limit 

Steady  State 
Error 

1 

step 

position 

0(3) 

2 

ramp 

velocity 

Kv 

CO  (8) 

V* 

3 

parabola 

acceleration 

x. 

S20(S) 

K.-l 

This  method  of  finding  errors  is  slightly  more  general  than 
that  of  Section  2.5  bncauso  onp  dne*  not  need  to  writ*  fl'S' 
explicitly  in  the  form  0Q/Sn. 
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St  SgCOMD  ORDER  SYSTEM  RESPONSE 

Most  systemi  cannot  be  described  well  as  a  single 
Type  but  many  can  be  as  a  combination  of  a  Type  I  and 
Type  II  over  some  frequency  range,  By  this  we  mean  the 
open  loop  gain  is  of  the  form 
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It  appears  that  one  would  like  to  make  6  small  but 
this  may  adversely  affect  the  transient  response  even 
though  steady  state  error  is  improved.  The  remainder  of 
Section  3  discusses  this  tradeoff. 

3.1  Response  to  a  Step 

If  r{t)  *  u_^(t),  then  using  Eq.  (3.1)  and  inverse 
Laplace  transforms,  one  can  find  (see  Fig.  2) 

-(Suit 

C (T )  -  1  -  - - -  Sin 

where 

$  *  cos_16  -  sir  -1  /C?  (3.4) 


w0t  + 


♦> 


(3.3) 


one  can  see  from  the  figure  that  as  6  ■+•  0,  the 
transient  response  has  a  great  deal  of  overshoot  and  zero 
average  error  but  large  instantaneous  error,  even  in  the 
steady  state.  As  5  +  »,  instantaneous  errors  become  small 
but  this  takes  a  long  time  to  achieve.  Because  of  the 
alow  response,  values  of  <5>1  are  generally  not  used. 

The  lowest  total  rms  error  is  achieved  when  6  ■  1/2. 

Becaube  it  is  easy  to  understand  and  measure  on  a 
strip  chart  recorder,  the  first  (peak)  overshoot  and  time 
to  reach  it  are  of  some  interest..  Setting  dc/dt  »  0, 
one  finds 


Cmax  "  1  +  exp  C-n 5/ ( 1-62 ) 1/23 


(3.5) 


at 


fcmax 


(3.C) 
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5...'.  1<  n  V.  i  .. 


The  maximum  error  occurs  at  tmax  also  and  is  given  simply 
by 

e  *  C  -I  *  exp {-Tti/Zl-'P)  =  P  for  0 < 6 <  1  (3.7) 

max  max 


Since  the  input  is  a  unit  step,  this  is  a  fraction  called 
"overshoot",  P.  Note  that  for  6*1  there  is  no  overshoot. 

Given  P  and  t  one  can  find 

max 


ln2P 


<5  -  |  ...... - - y 

'it  +  ln^P 


1/2 


and 


.  i.id  + 

0  cmax 


(3.8) 


(3.9) 


3.2  Response  to  a  Ramp  Input 

? 

For  a  ramp,  r(t)  -  tu^Ct),  R(S>  -  1/S  ,  and  we  can 
use  inverse  Laplace  transforms  or  note  that  a  ramp  is 
the  integral  of  a  step  and  so  are  the  responses.  We  find 


C(t)  -  t  -  ££  +  S.-1HL— --  sin (/l-7^ u)nt+ijj)  (3.10) 

w0  UqU-TV7*  0 


III  -  cos”"1  (262-l)  -  sin"1  2 6 /l-62 


(3.11) 


which  is  illustrated  in  Fig.  3. 
The  error  is 

5,  s“6li)t 

e(t)  -  C(t)-t  -  ~  + 


sin  (  0t+lll) 


(3.12) 
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wisest 


This  has  a  steady  state  value,  2  5/uig,  as  we  found  previously  1 
and  a  decaying  sinusoid.  Again,  if  6*0,  the  average  error 
equals  zero  but  the  sinusoid  never  decays.  If  Q<6<1 
the  error  reaches  a  peak  undershoot  on  the  first  cycle, 
which  occurs  at 


t  ■  ff  *  co»"‘3‘  6 

***  ,,  .2.1/2 

Wq  (1-6  ) 


at  which  point 


f26  +  exp 


a, 


max 


‘-6  (ff“‘COs“16) ) 
•  (1-6Z) 1//Z 


(3.13) 


(3.14) 


Since  this  is  the  maximum  error,  it  tells  us  whether  we 
can  keep  a  target  that  suddenly  appears  within  the  field 
of  view. 

We  could  also  find  wA  and  6  from  t  „„  and  e _ _ 

u  max  max 

but  ramp  inputs  are  harder  to  produce  and  not  as  convenient 
to  interpret  for  test  and  measurement  purposes. 


3.3  Response  to  a  Sinusoidal  Input-Unity  Gain  Bandwidth 

The  amplitude  response  to  a  sinusoidal  input  sin  wQt 

is 

1  1  _  ]. 

7 


1  +  26j(u>e/u)g)  +  (jWg/Wg) 


[1  -  (Wg/Wg)2]2  +  (26we/uig) 2 


-1/2 


(3.15) 


The  magnitude  of  the  error  is 


tr>  I  -  f  . .  /, .  1  t  t  s  2  ,  1  ,  \  2 ,  1/2  |  m  | 

HU  P  II  11 
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When  the  input  frequency  ii  low*  the  error  is 


|Bj  *  25 


(3.17) 


whiclii  contrasts  with  a  pure  Type  II  system,  where  the 
error  was 


|E|  *  (w^/tu^)2 


(3.18) 


In  this  system,  the  magnitude  of  the  open  loop  gain 
decreases  to  1  at  a  frequency 

w1l  -  w0t (1+462)1/2  -  262]1/2  (3.19) 


u1*  varies  from  wQ  to  ,  49u)q  as  5  increases  from  0  to  1. 

Thus  oj1  *  is  close  to  uQ  in  value  and  for  small  5,  c^'  can 
replace  ui0  in  Eq.  (3.17).  In  order  to  keep  the  same  error 
for  the  same  bandwidth  as  a  pure  ype  II,  one  needs  to  keep 


6 


(3.20) 


As  an  example,  if  ■  5  rad/seo  and  •  .4  rad/sec 
as  in  Section  2,  then  we  need  6  <<  .04.  This  is  very  low 
and  indicates  for  a  system  with  good  transient  response  we 
will  need  a  larger  bandwidth  than  the  pure  Type  II. 
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4. 


MOTOR  DRIVEN  ANGULAR  POSITION  SERVO 


Having  laid  the  basic  mathematical  groundwork, 
we  can  start  to  look  at  slightly  more  realistic  situations. 
We  will  find,  however,  that  a  second  order  (in  S)  model 

oan  still  be  useful. 


4.1  Motors 

The  prime  movers  in  most  tracking  systems  are  motors. 
The  minimum  model  is  one  which  takes  into  account  inertia 
and  viscous  friction.  The  equation  of  motion  is 


T  -  BN  +  J  dN/dt  (4.1) 

or 

T(S)  -  (B+JS)  N  (S) 

where 

T  ■  torque 

J  «  moment  of  inertia 
B  -  viscous  friction  coefficient 
N  ■  motor  shaft  speed. 

The  motor  torque  can  usually  be  expressed  approximately 
as  a  linear  function  of  a  control  voltage  or  current, 
depending  on  the  type  of  motor.  The  transfer  function  is 
therefore  of  the  form 


H(S)  .  K 
TOT  b+js 


(4.2) 


where  K  *  torque  constant 

V  *  voltage  applied  to  motor. 
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4.2  General  Angle  Control  Loop 

The  simple  angle  control  servo,  Fig.  4,  is  typical 
of  both  the  N/H  and  60"  systems.  This  has  unity  position 
feedback  to  an  angle  error  amplifier  A.  The  H(S)  block 
is  a  new  feature,  an  internal  feedback  or  minor  loop. 

It  will  provide  compensation  for  part  of  the  servo  by 
feeding  back  a  function  of  the  angular  velocity  to  the 
velocity  error  amplifier  G. 

Note  that  shaft  angle,  8,  is  mathematically  the  Integra] 
of  shaft  speed,  N,  so  the  1/S  term  is  exact.  One  tends 
therefore  to  have  at  least  a  Type  I  system. 


4.3  Rate  (Tachometer)  Feedback  Compensation 

If  all  servo  system  components  were  ideal,  then  the 
tech  lonp  would  not  be  useful  or  could  be  acccmplichcd 
in  some  other  way.  However,  because  motors  and  their 
associated  power  amplifiers  are  not  well  behaved,  it  has 
been  found  beneficial  to  control  the  motor  shaft  speed 
with  this  type  of  internal  feedback,  H(S).  We  will  assume 
H (S)  is  neoessary  but  still  use  a  linear  motor  model  for 
further  discussion. 


It  might  be  assumed  that  the  ideal  form  would  be 
H (S)al.  In  other  words,  try  to  make  N«M  and  go  from  there 
for  the  position  loop.  This  is  the  case  when  operating 
a  joystick  which  has  inputs  connected  at  point  M  and  the 
desired  controlled  variable  is  N.  However,  when  embedded 
in  a  position  loop,  this  is  usually  not  tha  case.  The 
transfer  function 


N  _  E+ttf  GK 

-rr  '  Jfif - 

”  !  +  h  B  +  SJ  +  GKH 


(4.3) 
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already  contains  a  tarm  in  tha  denominator,  B,  which  is 

not  aero  at  low  frequencies.  This  keeps  the  open  loop 

\ 

gain  small  at  low  frequencies,  something  we  have  been 
trying  to  avoid.  Adding  another  constant  term,  GK 
(if  H-l,  G  ■  constant) ,  does  not  help.  Making  G«S  would 
fix  that,  but  would  cause  problems  in  the  numerator. 

A  possibility  is’ to  make  A(S)  *  1/S,  but  now  wa  have 
S's  in  three  denominators,  raising  possibilities  of 
instability.  The  usual  choice  is  to  make 


H (S)  >  DS 


(4.4) 


where 


D  •  tachometer  feedback  oonstant. 


With  this  choice,  angular  acceleration,  dN/dt,  is  fed  back. 
Then, 


N  m  GK _ 

“RT  0  +  S  ( J+GKD) 


(4.5) 


where 


QK/B 

1+ST 


T  ■  J/B  +  GKD/B,  a  time  oonstant. 


By  varying  D,  one  can  swamp  out  the  motor  time  constant 
J/B.  Additionally,  if  D  and  S  are  large, 


N  *  1 

"FT  *  “51“ 


(4.6) 


In  this  approximation  wo  would  have  a  Type  II  positioning 
system  if  A  is  a  constant. 
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A. A  position  Control, 

Using  the  rata  loop  compensation  discussed  in  the 
l«.t  section,  the  open  loop  (forward)  gain  is 


l 


•  A  * 


GK/B 

1+aT 


J_  - 
s 


a/B 


S  <f  St 


(4.7) 


where 

a  *  AOK*  a  constant,  and 

9  .  .  ■  V--  _ - 5-  l«-8> 

R  *  Aol  l+A<ji  a/B  +  3  +  S'T 

\  ^  2 

1  +  SB/a  +  S^TB/a  1  +  26S/uiQ  +  (S/uQ) 


where 


w0  * 


i  a 


1/2 


(  AGK  ) 

\3' '+  'gkdJ 


1/2 


and 


6  -  -y- 


B 


*  TT 


’  x  j 

AGK(i+dki3'rj 


1 1/2 


When  D  is  large,  we  have 


W0  “  (A/D) 


1/2 


,  B  f  1  | 1/2 

4  ■  m  ITT) 


(4.9) 


M.  have  a  .aeon*  order  control  ayatcm  Want  leal  to  ^ 
th.  kind  dl.eua.ad  in  Section  3.  The  "natural  «»qu.n=y 
Vand  dan-pin?,  5,  can  be  adjusted  with  n,  a,  and  0. 


SO 
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S.l  N/H  Servo  Experiments 

In  December  1980,  a  preliminary  servo  system  electronics 
package  was  connected  to  the  N/H  mount.  This  package 
consisted  of 

a)  a  joystick 

b)  a  trackball 

o)  thumbwheel  switches 

d)  LCD  displays 

e)  analog  displays 

f)  servo  electronics. 

The  joystick  oould  be  used  for  velocity  oontrol  and  the 
trackball  for  position  control.  A  more  useful  position 
aontrol  device  was  the  set  of  thumbwheel  switches  for  eaoh 
axis.  These  and  the  LCD  were  17-bit  binary  devices  matching 
the  50  urad  resolution  of  the  she ft  encoders  installed  on 
the  mount,  since  tracking  quad  eel la  were  not  installed, 
the  ahaft  encoders  were  the  only  means  of  position  feedback. 

The  servo  eleatronics  implemented  a  tachometer 
feedbaak  compensated  position  loop  similar  to  that  described 
in  Section  4.  They  were  a  bit  more  complicated,  but  those 
'  dletaile  are  not  necessary  here.  After  soma  adjustment  of 
gaine  and  filters,  we  obtained  reasonably  stable  oontrol 
of  the  azimuth  axis. 

Experiments  were  performed  in  v.’hich  one  of  the  levars 
on  the  thumbwheel  switch  was  advanced  one  position  and 
the  error  transient  recordod  on  a  strip  chart,  The  results 
for  steps  of  400  yrad,  3  mrad,  2  4  mratl,  200  mred,  and 
1.6  rad  are  shown  in  Figs.  5,1  through  5.5.  Note  that 
the  initial  size  of  the  error  equals  the  step  so  the 
absolute  vortical  scale  is  not  inquired. 
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Ignoring  for  the  moment  the  400  urad  case,  Fig.  5.1, 
one  can  tea  in  Fig*.  5.2  and  5.3  a  reasonably  bahavad 
transient  response  for  the  3  mr  and  24  mr  steps.  Using 
Egs.  (3. a)  and  (3.9),  we  find 

6  *  0.5 

w  tt  5  rad/sec 

Looking  baok  at  the  400  yrad  case,  one  oan  discern 
transients  obscured  by  apparent  noise.  Although  the 
reproduction  does  not  make  it  obvious,  examination  of  the 
original  strip  chart  suggests  that  the  noise  consists  of 
50,  100,  150,  200  urad,  eta.  stepr  corresponding  to  one 
or  more  bits  of  the  shaft  encoder.  This  could  be  reduced 
using  higher  gain  but  then  the  transient  response  became 
sc  si  notary.  It  is  expected  that  Ui«  chatter  can  be 
reduced  later  by  reducing  the  gear  backlash  and  motor 
amplifier  dead zones. 

The  200  mr  and  1.6  rad  responses  are  progressively 
slower  and  lees  damped.  If  the  system  were  linear, 
their  shapes  would  be  identical  to  the  lower  amplitude 
transient  responses.  If  it  were  simply  a  case  of  lower 
gain,  the  frequency  would  ba  lower  but  the  damping  would 
be  higher,  when  response  time  slows  down  with  amplitude, 
it  is  usually  a  sign  of  saturation  inside  the  control  loop, 
but  this  needs  further  investigation. 

5.2  Projected  Errors 

Making  the  assumption  that  we  can  obtnin  a  second 
order  servo  with  an  ■  5  rad/sec  (corresponding  to  a 
unity  gain  bandwidth  of  .76  Hz),  wo  have  prepared  Table  5.1 
of  errors  to  be  expected  from  stops  and  air.usoida  for 
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$«s  from  0  to  1.  Since  it  is  conceivable#  we  have  made 
fable  5,2  for  u>c  ■  10  rad/aec. 

One  oan  aee  that  up  to  £  *  0.707#  the  response  time 
ia  not  appreciably  lengthened.  The  overshoot  becomes 

appreciable  when  S-.2  so  that  0.2<6<0.7  ia  a  preferred 
range#  but  there  the  error  due  to  ehijp's  motion  is 
appreciable  unleaa  fi*Q,2  and  u>q  *  10  rad/aec.  Using 
Eg,  (3,9) #  u^'  «  9.99  rad/aec  or  fj  ■  1.6  Ha.  This  ia  not 
an  unreasonable  hope, 

Another  alternative  is  to  dynamically  vary  6  depending 
on  the  situation.  It  ia  not  unusual  to  use  a  Type  l  system 
(6  large)  to  give  small  overshoots  and  switah  to  a  Typo  II 
system  (6  small)  to  reduce  the  residual  error.  Thia  will 
be  investigated  in  the  future. 
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R  -  Input 
C  ■  output 

i  -  aampla  of  output 
I  •  arror 

Q  *  forward  (opon  loop)  gain 
I  -  Lap  1  too  t  ran  atom  fraquanoy  varlabla 

Fig.  1,  Baaio  Sarvo  Block  Diagram. 
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Pic.  2.  Unit  Stop  Transient  Roapoana. 
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SYSTEM  ANALYSIS  OF  SHIP-TO-SHIP 


TRANSMITTANCE  MEASUREMENTS  AND  ASSOCIATED  ELECTRONICS 

INTERIM  REVIEW 

APRIL  1981 


MASSACHUSETTS  MANUFACTURING  CORPORATION 


1. 


INTRODUCTION 


In  1977,  the  Naval  Research  Laboratory  (NRL)  began 

investigating  the  possibility  of  placing  its  heretofore 

land-based  Infrared  Mobile  Optical  Radiation  Laboratory 
1  2 

(IMORL)  on  large  naval  ships.  The  purpose  would  be  to 
extend  its  measurement  of  the  atmosphere  from  conditions 
obtained  on  land  or  at  the  seacoast  to  those  which  might 
obtain  at  sea.  The  primary  measurement  would  be  of 
atmospheric  transmission  in  the  2-12  um  wavelength  range. 

This  would  require  two  ships  to  act  as  sender  and  receiver. 
For  reasons  of  stability,  ease  of  emplacement,  and 
availability,  an  aircraft  carrier  used  as  a  training 
vessel  was  proposed  to  house  the  major  part  of  the 
equipment. 

NRL  started  procuring  optical  mirrors  for  the  new 
32"  telescope  which  would  be  required  and,  in  July  1979, 
Massachusetts  Manufacturing  Corporation  (MMC)  started 
designing  a  servo  control  system  to  point  it.  This 
telescope  would  use  a  U.S.  government  surplus  Nike/Hercules 
(N/H)  radar  mount  with  the  optical  mirrors  substituted 
in  place  of  the  radar  receiving  dish.  Cost  and  availability 
were  major  reasons  for  taking  this  approach.  Work  progressed 
on  a  very  low  level,  but  progress  was  made.  The  telescope 
optical  design  was  finished"*  and  the  servo  control  aspects 

4 

of  the  N/H  mount  began  to  be  understood.  Finally,  in 
December  1980,  the  mount  was  brought  under  closed  loop 
velocity  and  position  control.  The  position  control  used 
digital  shaft  angle  encoders  only*  infrare d  tracking 
sensors  were  to  be  installed  in  the  third  and  final  phase 
of  MMC 'a  contract. 
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By  January  1981,  confidence  in  the  likelihood  of 
achieving  the  initial  objective  had  increased  and  some 
new  tasks  had  bean  thought  of.  These  new  ones  centered 
primarily  on  using  the  N/H  tracking  telescope  to  follow 
aircraft  from  the  carrier  or  in  some  cases  basing  the 
telescope  on  land  and  following  ships  or  aircraft. 

The  purpose  would  still  be  to  make  atmospheric  transmission 
measurements,  at  least  on  a  relative  basis,  and  to  measure 
radiation  from  a  variety  of  sources.  Because  the  potential 
usefulness  seemed  greater  than  before,  NRL  decided  to 
pursue  the  program  on  a  s tapped -uu  level. 

The  following  proposal  from  MMC  is  directed  toward 
achieving  what  we  take  to  be  NRL's  two  main  objectives  ofi 

1)  making  absolute  atmospheric  transmission  measure¬ 
ments  between  two  ships  at  sea  over  ranges  up  to  5  km,  and 

2)  to  the  largest  extent  possible,  using  the  N/H 
telescope  alone  to  track  and  measure  sources  other  than 
used  in  the  transmission  measurements.  This  will  include 
helicopters,  aircraft,  and  the  like. 

The  remainder  of  this  document  discusses  what  is  now 
named  the  IMORTAL  system.  Most  of  the  discussion  centers 
on  the  first  objective,  since  the  second  one  will  be 
realized  later  in  time  and  will  depend  on  experience  in 
realizing  the  first.  It  should  be  stated  that  the  second 
objective  will  be  pursued  as  much  as  possible  from  the 
beginning,  however. 

We  will  discuss  the  transmission  measurements,  the 
servo  controls,  and  the  measurement  system  electronics. 

A  work  statement,  list  of  deliverables,  and  schedule  follow. 
It  is  assumed  the  reader  has  some  familiarity  with  the 
references  above  and  progress  to  date. 
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Although  the  overall  problem  is  addressed,  MMC'a 
part  is  limited  to  tho  electronics  and  electro-optical 
elements.  Many  parts  of  the  system  will  be  furnished 

by  NRL. 

2 ♦  TRANSMISSION  MEASUREMENTS 

In  order  to  understand  the  requirements  on  the 
tracking  servos  and  other  electronics,  it  is  necessary 
to  know  how  the  system  will  be  used  to  make  measurements. 
A  typical  IMORTAL  system  deployment  between  two  ships, 
Fig.  1,  would  make  an  absolute  transmission  measurement 
in  two  steps --absolute  at  a  few  fixed  wavelengths  used 
to  calibrate  relative  measurements  over  a  broad  range. 

2.1  Absolute  Transmission 

For  this  measurement,  a  laser  is  used  which,  in 
conjunction  with  the  N/H  telescope,  produces  a  well- 
collimated  beam.  To  make  absolute  transmission  measure¬ 
ments  from  one  ship  to  another,  all  the  energy  in  this 
beam,  except  that  absorbed  by  the  atmosphere,  must  be 
captured  by  another  optical  telescope  on  the  receiving 
and.  The  major  technical  problem  is  to  steer  the  beam 
into  the  light  bucket,  which  task  ia  aided  by  using  the 
largest  possible  bucket.  The  one  proposed  is  a  modified 
NRL  surplus  anti-aircraft  searchlight  with  a  60"  mirror. 

The  60"  teloscope  need  not  produce  a  high  quality 
image,  since  light  gathering  is  all  that  is  required, 
but  there  are  other  requirements.  If  a  3^'  beam  from 
the  N/H  impinges  on  the  bucket,  then  at  most  3.4"  of 
central  obscuration  can  be  allowed  before  1%  of  the  beam 
is  lost.  Thus,  in  addition  to  the  primary  IR  detector 
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(DET  #1),  a  secondary  one  (DET  12)  is  required,  since  the 
secondary  of  the  60"  must  be  larger  than  3.4".  The 
obscuration  due  to  XMTR  B  (whose  uso  is  explained  below) 
must  bs  lass  than  3.4"  in  diameter. 

Assuming  the  fields  of  view  (FOV)  e 6 q  ^  and  8^  are 
equal,  IR  DET  12  will  be  less  sensitive  since  it  has  the 
smallest  collector.  For  1%  transmission  rr.-*-nsUr ament 
accuracy,  a  signal-to-noise  ratio  (SN.v;  greater  than  100 si 
is  required.  A  rough  calculation  (Appendix,  section  2.1) 
shows  this  can  bo  achieved  with  pyroelectric  detectors 
and  a  ±5  mr  FOV. 

In  terms  of  the  control  systems,  if  a  32"  beam  is 
to  be  kept  in  a  60"  bucket  and  no  turbulence  exists,  then 
less  than  116  ur  of  error  is  allowed  on  the  N/H  control 
system  at  5  km  separation.  The  60"  control  system  must 
point  at  the  N/H,  keeping  cos  0  leas  than  1%,  in  other 
words,  6  less  than  140  mr  (8a).  In  addition,  the  N/H 
must  always  be  within  the  FOV  of  the  IR  detectors  and 
so  *5  mr  could  become  the  real  requirement. 

2.2  Scanning  Mlcholson  Interferometer  (SMI)  Measurements 

In  this  case,  IR  DET  #1  is  replaced  by  a  light  source 
and  the  laser  at  the  N/H  is  replaced  by  an  NRL  SMI. 

Now  the  N/U  must  keep  the  60"  within  the  SMI's  FOV  (300  ur) • 
The  60"  control  system  must  keep  the  SMI  source  beam 
pointed  at  the  N/U.  In  order  to  keep  the  SMI  SNR  high, 
the  source  beam  divergence  shoul  ,i  be  as  small  as  possible — 
on  the  order  of  10  mr  (0.5°)  or  less. 


«  '•  VftS  pRS.’^ffr.  ■«.  ~7?V«.  SH’* 


-.JiMswr 


B3*fr 


3.  CONTROL  SYSTEMS 

Both  the  N/H  and  60"  systems  will  have  servo  control 
systems  which  point  their  respective  telescopes.  Usually 
manual  (joystick)  control  of  velocity  will  be  used  for 
acquisition  followed  by  optical  tracking  of  IR  beacons. 

3.1  Quad  Sensors 

Steering  is  accomplished  via  silicon  quadrant  angular 
position  sensors  (QUADS  A  and  B)  which  track  GaAs  0.9  urn 
laser  diode  transmitters  (XMTRs  A  and  B) •  The  N/H  must 
direct  its  beam  precisely  down  the  60"  boresight  and  so 
XMTR  B  must  be  located  there.  QUAD  A  likewise  must  be 
on  the  boresight  of  the  N/H.  Since  60"  steering  is  much 
more  relaxed,  XMTR  A  and  QUAD  B  can  be  off  axis. 

An' earlier  configuration  used  the  laser  in  place  of 
XMTR  A  and  a  quad  IR  detector  as  DET  #2  in  place  of  QUAD  B. 
The  change  here  is  suggested  because  it  uncouples  some 
aspects  of  the  measurement  from  the  control  systems  so  that 

a)  we  can  separately  optimize  tracking  and  measurement, 

b)  we  will  not  have  to  wait  for  relatively  expensive 
laser  sources  and  IR  detectors  before  closing  the  60" 
aontrol  loop, 

a)  the  money  spent  on  a  quadrant  IR  detector  can  be 
spent  elsewhere, 

d)  XMTR  A  can  be  used  an  a  data  link  from  the  N/H 
to  the  60" , 
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There  are  some  disadvantages  as  well i 

a)  Two  transmitters  and  receivers  are  needed-- 
but  these  can  be  identical  and  development  costs  are  only 
for  one, 

b)  XMTR  A  may  be  picked  up  by  IR  DET  1  &  2.  This 
oan  be  a  problem  at  close  range  (Appendix,  section  2.2), 
but  can  be  almost  eliminated  (see  below) . 

o)  XMTR  B  backscatter  may  be  picked  up  by  DET  1  &  2. 
Based  on  an  experiment  at  NHL,  backscatter  in  clear  air 
at  least  should  be  negligible,  but  should  be  kept  in  mind. 

The  Appendix  (section  1.1}  indicates  that  SNR 
would  be  quite  good  for  a  reasonable  quad  sensor/XR  beacon 
system. 


N/H  Control  Syetem 


This  haB  been  discussed  in  detail  elsewhere  and  will 
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not  be  here. 


60"  Control  System 


The  original  60"  searchlight  consisted  of 

a)  transmitter  synchros  driving 

b)  control  synchros  driving 

c)  vacuum  tube  amplifiers  driving 

d)  Amplidynes®driving 

e)  DC  motors  driving 

f)  the  searchlight. 


The  transmitter  synchros  could  bo  hand  driven  at  a  oontrol 
station  connected  via  cable  or  by  an  automatic  locator. 

In  order  to  use  the  searchlight  with  a  quad  cell,  we  would 
need  linear  to  aynchro  converters  to  simulate  the  transmitter 
synchro.  Since  these  are  110V  synchros,  thin  is  not  easy. 


It  appears  that  the  easiest  place  to  break  into  the 
chain  is  at  the  Amplidyne  field  control  winding,  This 
requires  10W  approx  (100VDC  at  0.1A)  and  is  a  simple 
control  point  since  motor  torque  will  be  a  fairly  linear 
function  of  applied  voltage. 

This  also  eliminates  a  tremendous  number  of  cables 
and  interconnections  that  would  have  to  be  checked  and 
possibly  refurbished. 

In  order  to  have  reasonably  accurate  tracking, 

QUAD  B's  FOV  cannot  be  too  big.  This  moans  some  sort 
of  manual  control  would  be  desireable.  For  initial 
pointing,  a  joystick  velocity  control  is  probably  best. 

The  DC  motor's  back  EMF  can  be  used  for  velocity  feedback. 

The  control  loops  would  then  be  similar  to  the  N/H 
but  trackballs,  shaft  position  encoders,  position  displays, 
and  thumbwheel  switches  would  be  left  out.  Looser 
requirements  and  better  behaved  main  power  actuators  here 
(Amplidyne-motor )  should  make  the  design  less  critical. 

3.4  Detector  Ring  Array 

In  making  absolute  transmission  measurements,  it  is 
essential  that  the  beam  not  wander  out  of  the  light  bucket. 
One  straightforward  way  of  checking  this  is  to  put  a  ring 
of  perhaps  eight  detectors  around  the  circumforence  of 
the  60"  mirror  (Fig.  2) .  In  order  to  be  cost  effective, 
each  sensor  must  use  small  optics  and  inexpensive  detectors. 
This  precludes  using  pyroelectric  detectors,  but  allows 
silicon  or  possibly  lead  salt  detectors.  As  shown,  eight 
are  used,  but  if  the  approximately  31  area  lost  in  the  worst 
case  is  too  severe,  16  would  reduce  it  to  1@bb  than  1%. 


In  order  to  vise  silicon,  a  HoNe  laser  would  have 
to  be  added  to  the  transmitted  beam.  The  SMI  uses  such 
a  laser  to  measure  its  internal  mirror  position  already, 
and  possibly  would  find  use  in  this  mode. 

In  any  case,  if  1  mW  is  available,  we  show  in  the 
Appendix  (section  3.1)  that  the  SNR  would  be  very  high 
with  1"  optics  and  silicon  detectors. 

Qiven  that  this  is  the  case,  one  might  try  to  use 
the  ring  detectors  for  not  only  checking  but  also  controlling 
beam  wander.  This  might  be  useful  in  the  initial  acquisition 
stages,  but  if  employed  instead  of  the  XMTR  A  -  QUAD  B 
com  ination,  the  resulting  on-off  typo  control  system 
would  only  keep  the  average  position  of  the  beam  in  the 
center  of  the  bucket.  Quite  a  bit  of  wander  and  small 
excursions  outside  the  bucket  would  result. 

4.  IMORTAL  Measurement  Systems 

The  system  for  transmission  measurement  is  shown  in 
more  detail  in  Pig.  3.  In  the  approach  illustrated,  the 
beacon  tracking  aubeloments  XMTR  A,B  and  QUAD  B, A  form 
a  duplex  communication  link  which  will  be  discussed  in 
detail  below.  Assuming  the  link,  we  will  first  discuss 
the  N/H  and  60"  subsystems. 

4.1  60"  Subsystem 

The  receiver  contains  fewer  elements  and  will  be 
described  first.  At  the  top  (Fig.  3)  arc  the  two  IR  DET's 
whose  signals  are  appropriately  woightod  and  summed  together. 
A  variable  gain  amplifier  is  controlled  by  an  automatic 
gain  control  (AflC)  loop  which  looks  at  the  output  of  a 
phase  sensitive  detector  (PSD).  (PSD'n  aro  also  called 
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synchronous  rectifiers  or  lock-in  amplifiers.)  The  reference 
for  the  PSD  is  obtained  by  decoding  the  sum  output  of  the 
QUAD  B  tracker  which  picked  up  the  encoded  signal  from 
XMTR  A. 

Previous  approaches  have  used  asynchronous  detection, 
but  it  is  thought  signals  in  the  future  may  be  smaller 
than  heretofore.  Narrowband  passive  filters  can  be  used 
but  since  theae  are  fixed,  the  chopping  frequency  must  be 
fairly  stable.  Once  PSD  techniques  are  employed,  the 
ultimate  SNR  is  obtainable  and  chopper  stability  is 
no  longer  a  problem.  Commercial  lock-ins  can  be  used  or 
simple  dedicated  ones  can  be  constructed  using  about 
10  sq.  in.  of  board  space. 

Following  conversion  to  DC,  either  a  V-to-F  or  16-bit* 
A-to-D  converter  changes  the  analog  to  digital.  At  first 
glance  tho  V-to-F  looks  simpler,  but  in  the  long  run  the 
A-to-D  may  be.  Its  parallel  output  would  allow  us  to  use 
commercial  encoders  which  convert  8-bit  bytes  into  serial 
transmission  signals  complete  with  parity  bits.  This 
information  is  the  numerator,  N,  in  tho  ratio  of  transmission. 
Other  information  could  also  be  sent,  e.g.,  whether  the 
beam  has  wandered  as  determined  by  tho  ring  array. 

In  the  SMI  mode,  IR  DET's  1  and  2  are  not  used, 
but  the  rest  of  the  system  is.  In  this  mode,  the  source 
could  be  monitored  at  the  60"  and  this  amplitude  sent  back 
since  the  communications  link  would  still  be  open. 


24  bits  is  obtained  by  automatic  gain  changing  and 
digital  scaling  of  the  A-to-D  output. 
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This  consists  of  a  2-12  um  laser  source  which  is 
alternately  transmitted  and  reflected  to  a  local  IR  DET. 
Detection  and  conversion  to  binary  form  is  accomplished 
as  in  the  60"  system. 

A  chopper  pick-off  drives  a  phase  lock  loop  (PLL) 
which  drives  the  PSD,  and  after  encoding  sends  a  reference 
to  the  60"  system  via  XMTR  A. 

The  signal  from  the  60"  is  received  by  QUAD  A, 
decoded,  and  becomes  the  denominator  of  the  ratio  N/D 
which  is  the  transmission. 


Data  Handlinc 


In  the  past,  analog  dividers  (ratiometers)  were  used 
because  high  accuracy  A-to-D  converters  and  digital 
computation  were  expensive.  The  analog  approach  required 
closely  matched  filters  and  some  care  to  achieve  0.2% 
(9-bit)  accuracy.  In  the  intervening  8?  years,  digital 
techniques  have  become  much  less  expensive.  In  fact 
so  much  so  that  a  general  purpose  digital  data  handler 
has  become  the  most  cost  effective  current  method. 


An  example  of  this  is  the  Hewlett-Packard  HP-85 
system.  Using  keyboard  commands,  one  can  enter  information, 
process  it,  including  digital  division,  and  display  the 
information  on  both  a  CRT  and  a  small  strip  printer. 

For  later  use  the  information  can  be  sent  to  a  digital 
tape  recorder  such  as  NRL's  Digidata. 


The  major  advantage  to  this  approach  in  addition  to 
low  first  cost  is  flexibility.  More  variables  than  those 
shown  can  be  input  and  more  complicated  calculations 
performed  if  needed.  Considering  the  high  cost  of 
arranging  ships  for  measurements,  it  is  essential  the 
operators  have  immediate  feedback  on  the  system  and 
whether  it  is  producing  sensible  results.  As  these 
requirements  are  understood,  changes  are  readily  made 
with  such  a  system.  As  an  example,  in  addition  to 
absolute  transmission,  if  the  range  is  known,  the  value 
for  extinction  can  be  calculated  and  compared  to  the 
expected  value. 

4.4  Duplex  Data  Link 

The  XMTR  A, B  plus  QUAD  A,B ,  in  addition  to  providing 
servo  tracking,  also  function  as  a  duplex  (simultaneous 
bi-directional)  data  link,  Fig.  4.  In  this  application 
the  data  sent  and  received  has  been  specialized  but  more 
flexible  use  could  be  made  in  the  future. 

For  now,  in  the  absolute  transmission  mode  we  would 
like  to  send  information  on  the  phase  of  the  laser  beam 
chopper  (top  of  Fig.  4) .  At  the  same  time  we  need  to 
minimize  the  signal  picked  up  by  IR  DETe  1  and  2  and 
decoded  by  the  PSD. 

The  approach  we  use  is  to  send  the  same  number  of 
pulBes  in  the  (+)  and  (-)  phases  of  the  reference. 

These  are  arranged  at  approximately  the  same  density 
but  in  the  (-)  phase  half  the  pulses  are  shifted  slightly. 
If  one  can  imagine  a  real  pulse  density  five  times  that 
shown  and  a  detector  with  a  response  time  extending  over 


100 


many  pulses,  it  should  be  reasonable  that  the  difference 
between  the  (4 )  and  {-)  phases  will  be  small.  Since  the 
PSD  subtracts  the  signal  in  the  (-)  half  from  the  (  +  )  half, 
the  residual  signal  will  also  be  small.  This  should  be 
good  for  the  two  orders  of  magnitude  reduction  in  pickup 
required  if  no  visible  filters  are  used  on  IR  DET's  1  and  2. 
(See  Appendix,  section  2.2,  for  further  discussion  of  pickup.) 

On  the  return  path,  XMTR  B  is  shown  sending  a  number 
of  pulses  corresponding  to  an  8-bit  word  plus  parity  and 
a  check  bit.  Identical  pulses  are  sent  in  each  half  of 
the  chopper  cycle  so  that  any  backscatter  pickup  is 
effectively  cancelled.  Additionally,  sending  duplicate 
transmissions  allows  one  to  reduce  errors  if  necessary. 


4.5  Transmission  Error  Rates 

From  a  tracking  standpoint  one  needs  SNR's  from  the 
QUAD'S  of  greater  than  100*1  in  order  to  track  with  an 
accuracy  of  1%  of  the  QUAD'S  FOV.  The  bit  error  rate 
in  this  case  is  infinitesimally  small.  It  is  possible 
to  operate  tracking  systems  with  much  lower  SNR's. 

As  an  example,  5*1  would  imply  an  equivalent  random 
angle  noise  of  20%  of  the  FOV.  This  may  still  be  useful 
but  the  bit  error  rate  will  go  up  by  exp  (+40). 

The  error  rate  for  one  100  ns  pulse  would  be 
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With  unsophisticated  processing  10  times  this  would  occur 

every  second.  If  we  transmit  a  word  every  .005  seconds, 

7  -  7 

the  word  error  rate  is  .005  x  10  x  3  x  10  *  .015, 

which  is  large  enough  to  require  error  correction  but  small 
enough  to  be  feasible. 

lot 
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Fig-  2.  Ring  Array  of  Eight  Detectors. 
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Appendix  i  FIRST  CUT  ANALYSIS  OP  EXPECTED  SXGNAL-TO-NOISE 


We  will  work  out  numerical  examples  for  three  detection 

cases : 

1)  Silicon  quadrant  tracking  GaAs  beacon 

2)  pyroelectric  detector  measuring  2-12  pm  laser 

transmission 

3)  Silicon  single  detector  detecting  HeNe  laser  beam. 

Also  we  will  look  at  the  possibility  of  crosstalk  among 
them.  Transmission  and  optical  efficiencies  will  be 
assumed  to  be  100%.  Sunlight  backgrounds  will  be  neglected. 

1.1  Silicon  quadrant  tracking  GaAs  beacon 
Tor  tho  beacon  we  assume 
peak  power i  1W 
pulse  widthi  100  ns 
rep  ratei  10  kHz 

divergence  angle  (after  lens) j  ±10  mr  (±.57*) 
(Notei  average  power  «  1  mW) 

For  the  silicon  quadrant,  we  assume 
overall  diameter i  1  cm 
D*«  1012  cm-cps1/2-w“1 

For  100  ns  pulses  the  optimum  bandwidth  is  1.6  MHz,  and 
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so  at  best,  for  one  pulse  the  NEP  is  1.3  x  10  watts, 
but  more  pessimistically, 

NEP  per  pulse*  10"8  watts. 

We  assume 

receiver  optical 

Therefore, 

receiver  areat 

107 


500  mm,  f/8 . 
30  cm2 
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We  compute 

WQ  2 

irredienee  at  receivers  1.3  x  10  w/cm  peak. 


Therefore/ 

power  on  detectors  3.8  x  10”^ 
signal  to  noise  (one  pulse) t  38  to  1. 

This  may  not  seem  large,  but  from  a  communications 
standpoint, 

probability  of  false  alarms  exp^Q  (-314) . 

From  the  standpoint  of  a  tracker,  we  can  average  over 
10  pulses  and  still  not  introduce  a  delay  greater  than  1  ms 
in  the  servo  loop,  so 

traoking  signal  to  noise  ratios  120  to  1. 

Therefore, 

random  angle  noises  *42  urad. 

1.2  Effects  of  2-12  urn  laser  transmission  on  Si  quad 

During  transmission  measurements,  the  quad  cell  will 
be  irradiated  by  2-12  urn  radiation.  This  should  have  no 
effect  except  heating  and  this  should  be  less  than  1  mW. 


1,3  Effects  on  HeNe  laser  on  51  quad 

See  Section  3.  The  HeNe  irradianoe  is  4  times  the 
OaAs  irradianoe,  but  a  combination  of  optical  and  electronic 
filters  can  eliminate  it. 
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3,1  Pyroelectric  detector  measuring  2-12  urn  later 

Several  lasers  could  be  used  in  the  transmission 
measurements.  The  worst  case  we  can  imagine  is  1  mW  spread 
over  60"  at  the  receiver i  thus, 

_  p  2 

irradiance:  5.5  x  10  watta/cm  . 

For  the  receiver,  we  assume 

Collector  t  31"  (787  mm)  F.L. ,  f/2. 

Therefore, 

2 

collector  areas  1100  cm 

mk 

watts  on  detector)  6.1  x  10  J  watte. 

Further, 

detoctor  size:  5  mm  die. 

Therefore, 

field  of  view)  ±3  mr. 

Pyroelectric  detector  NEP's  are  non-simple  functions 
of  bandwidth.  The  one  we  use  depends  on  laser  chopping 
frequencies  and  the  fidelity  required.  For  now  we  aasume 
bandwithi  100  Hz. 

Therefore, 

NEP  (10.6  urn,  1-100  Hz)  i  1.5  x  10'*7  watts 
signal-to-noisai  400  to  1. 

This  is  adequate  for  11  accuracy  when  transmission 
is  100%.  Higher  laser  powers  may  be  useful,  however. 
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2.2  Pyroeleobrio  pickup  of  GaAs  beacon 

The  100  Hz  bandwidth  is  so  slow  that  the  10  kHz  beacon 
can  be  modeled  as  a  DC  source  with  a  corresponding  average 
power .  We  have 

duty  eyelet  100ns  x  10kHz  -  10~3 
avorage  power t  Iw  x  10“^  -  10" ^w. 

Therefore# 

-11  2 

lrradiance  at  collector i  1.3  x  10  W/cm  at  5  km 
watta  on  detecton  1.5  x  10"^W  at  5  km. 

Alao  we  have 

ratio  to  2>12  urn  laser t  2.5  x  10"3  at  5  km. 

This  ia  reasonably  small  but  at  500  m  range#  the  GaAs 
source  would  be  25%  of  the  2-12  um  laser.  More  powerful 
lasers  or  non-interference  chopping  schemes  would  be  required 
to  make  accurate  transmission  measurements . 


3.1  Silicon  single  detector  detecting  HeNe  laser 

Because  eight  of  these  are  envisioned#  small  simple 
receivers  will  be  uaed.  We  assume 


detector  sizei  1  mm 

D*  a 

1012cm-Hz1/2-w"1 

Therefore# 

NBPl 

For  now, 

^10"13W-Ha"1,/2  . 

bandwidth i  Af 

collector t  100mm  F.L.  f/4. 

Therefore# 

2 

collector  areat  5.9  cm 
field  o £  viowt  ±5  mr. 

no 
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We  further  assume 

source i  1  mw  HeNe  laser  spread  over  60". 

Therefore, 

-8  2 

irradiancei  5.5  x  10  W/cm 
watts  on  detector*  2.7  x  10*"^ 

signal  to  noise  t,  »■ -» 

/Kf 

The  signal  to  noise  is  very  high  unless  the  bandwidth 
is  also  high.  If  a  fixed  chopper  is  used,  the  bandwidth 
will  be  low.  When  the  SMI  is  used  as  an  interference 
"chopper,"  the  frequency  is  variable,  but  the  maximum  ie 

Af  ■  4  cm/sec  t  1.2  m/cycle  »  33  kHz. 

Therefore, 

signal  to  noiset  1.5  x  104, 

All  of  the  radiation  will  not  bo  available  from  tho 
SMI,  but  this  is  still  high. 

3.2  Pickup  from  GaAs  beacon 

The  GaAs  beacon  will  be  picked  up  but  it  would  be 
attenuated  by  the  smaller  collector  and  lower  bandwidth. 

We  have 

~8  2 

irradianoe  at  receiveri  1.3  x  10  W/cm  peak. 

Therefore, 

power  on  detector j  6.4  x  10*  W  peak. 

Also 

33  kHz  low  pass  filter  attenuation*  .02 
effective  watts  on  detector*  1.3  x  10“®. 

This  is  less  than  1%  of  the  HeNe  signal  and  so  could 
be  discriminated  against. 

3.3  Pickup  from  2-12  urn  laser 

Tho  2-12  um  laser  should  generate  at  most  a  little 
heating  of  the  detector. 

Ill 
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1.  N/H  Control  System 

*1.  Analyze  NRL  December  tests. 

2.  Redesign  and  build  servo  to  (a)  handle  moving  targets, 
and  (b)  reduce  backlash  on  fixed  targets, 

3.  Add  17  bit  input  port  to  allow  programmed  tracking. 

M.  Change  outer  electronics  package  to  fit  trailer. 

5.  Procure  small  modern  trackball. 

6.  Design  and  build  new  trackball  interface  card. 

7.  Test  new  designs  at  CBD  on  static  N/H  mount  againBt 
tracking  test  source. 

8.  Finalize  servo  design. 

9.  Teat  at  CBD  on  roll  table  against  fixed  tost  sources. 

10,  Test  at  CBD  on  roll  table  against  moving  test  sources, 

11.  Write  up  informal  manual. 

12.  Write  up  ship-based  field  test  plans. 

13,  Test  on  carrier  against  helicoptsr-bome  Hg  lamp. 

2.  6011  Control  System 

*1.  Measure  open-loop  Amplidyne  motor  characteristics  at  CBD. 
*2,  Analyze  control  servo  requirements. 

3.  Design  control  electronics. 

4.  Build  control  electronics. 

5.  Package  control  electronics  to  mount  in  19"  rack. 

To  be  done  as  part  of  an  earlier  phase. 
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6.  Test  Amplidyne/motor  combination  at  MMC  (primarily 
joystick  mode) . 

7.  Assemble  and  test  60”  system  at  CBD. 

8.  Test  on  roll  table  at  CBD. 

9.  Write  informal  manual. 

10.  Write  up  field  test  plan. 

3.  GaAs  Transmitter s/Sl  Quad  Receivers 

1.  Analyze  FOV-SNR  range  tradeoff. 

2.  Design  electro-optica . 

3.  Procure  (a)  GaAs  laser  diode  and  optica 

(b)  Si  quadrant  detector  and  optica 

4.  Design,  breadboard,  and  test 

(a)  GaAs  LED  pulse  driver 

(b)  Si  quad  front  end. 

5.  Produce  PC  boards. 

6.  Build  transmitter  and  receiver  cases. 

7.  Test  at  MMC  for  (a)  SNR  and  (b)  tracking  accuracy. 

8.  Help  install  at  CBD  on  (a)  N/H  and  (b)  60”. 

9.  Write  up  informal  manual. 

4,  Data  Acquisition  System  (Amp/PSD/AGC  A-to-D) 

1.  Determine  resolution  and  accuracy  requirements, 

2.  Design  electronics. 

3.  Procure  parts. 

4 .  Build  board (s) . 
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5.  Debug  and  test  at  MMC  for 

(a)  Dynamic  range 

(b)  Absolute  accuracy 

(c)  Signal-to-noise  referred  to  input. 

6.  Package. 

7.  Test  at  CBD. 

8.  Write  informal  manual. 

5.  Communications  Link 

1.  Determine  requirements  vis-a-vis 

(a)  Type  and  amount  of  data 

(b)  Phasing  to  avoid  interference  with  IR  detectors 

(c)  General  1/0  compatibility. 

2.  Find  off-the-shelf  UART  (universal  asynchronous 
receiver/transmitter)  IC  if  possible. 

3.  Design  and  build  on  wirewrap  boards. 

4.  Teat  without  optical  link  at  MMC. 

5.  Test  with  optical  link  at  MMC. 

6.  Test  with  optical  link  at  CBD. 

7.  Write  informal  manual. 

6.  Data  Manipulation 

1.  Determine  required  data  inputs  from  each  end. 

2.  Determine  output  displays  and  storage  media. 

3.  Design  special  interfaces/  if  unavailable. 

4.  Procure  parts  and  equipment. 

5.  Build  special  interfaces,  if  any. 

6.  Determine  data  manipulation  routines. 

7.  Test  with  com  links  at  MMC. 

8.  Document. 


9. 


Test  at  CBD. 
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7.  IR  Detectors 

1.  Analyze  sensitivity  and  dynamic  range  requirements 

2.  Procure  detectors. 

3.  Test  at  MMC  using  500°K  black  body. 

4.  Help  install  and  check  out  on  N/H  at  CBD. 

5.  Help  install  and  check  out  on  60"  at  CBD. 

8,  Field  Test»  Test  all  systems  at  CBD 
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An  0.8  meter  Infrared  tracking  optical  ayatem  design 

Richard  X.  Horton 

Optical  Sciences  Division,  Naval  Research  Laboratory,  Washington,  D.C.  20375 


Abstract 

An  0,8  motor  Cassegrain,  reflecting  relay  and  matching  optica  comprise  a  system  which 
incorporates  a  Nike  Hercules  pedestal  for  an  infrared  tracking  system,  Optical  design 
criteria  and  performance  will  be  discussed, 

Introduction 

The  Field  Measurements  Section  of  NFL's  Optical  Sciences  Division. has  been  making  in 
situ  atmospheric  propagation  measurements  for  several  years.1  The  scope  and  accurucy  of 
these  measurements  has  been  paced  by  the  development  of  the  required  optical  systems.  In 
1975,  an  optical  transmitter  and  receiver  system  was  reported  which  accomplished  DF  lauer 
transmission  measurements  over  a  stationary  5  km  path.  In  1976,  a  new  receiver  system  was 
reported  which  added  laser  calibrated  high'  resolution  atmospheric  spectroscopy  r.o  the 
capability  of  llclle,  Hd-YAG,  IIP,  DF,  GO,  and  CO2  laser  transmission  measurements , ' 

Currently  we  are  building  an  optical  system  to  extend  our  measurement  capability  from 
stationary  path  measurements  to  tracking  situations,  of  which,  a  ship  to  ship  measurement 
of  laser  transmissions,  high  resolution  atmospheric  transmission  and  atmospheric  turbulence 
is  of  interest , 

A  recent  study ^  concluded  that  a  ship  to  ship  measurement  was  feasible,  baaed  upon 
reciprocal  optical  tracking  from  a  "high  resolution"  tracking  transmitter,  (50  ur) ,  to  a 
"low  resolution"  tracking  receiver,  (5  mr) .  To  keep  costa  low  the  transmitter  system  is 
based  on  a  surplus  Nike  Hercules  radar  mount  capable  of  the  required  tracking  accuracy, 5 

The  design  study  which  this  paper  presents  is  the  result  of  the  design  problem  of 
matching  the  most  capable  optical  system  practical  to  the  existing  Nike  Hercules  mount. 

General  Design  Considerations 

The  Nike  Hercules  mount  appears  well  suited  for  our  use  sb  an  optical  mount.  It  1h  an 
altaaimuth  mount,  with  a  trunnion  ring  which  can  accommodate  a  32"  Cassegrain  telescope,  The 
base  appears  well  suited  to  the  mounting  of  our  Scanning  Michelson  Interferometer,  (SMI), 
which  requires  stability  and  accessibility,  In  addition,  laser  systems  which  require  vacuum, 
high  voltage,  water  cooling,  etc,  require  a  stable  platform,  Specific  requirements  of  the 
SMI  and  laser  sources  will  be  discussed  later, 

P r ac t leal  Co ns iderat ions 

As  thin  is  going  to  be  a  field  system,  it  will  reside  in  a  semi- trailer ,  to  be  trans¬ 
ported  to  an  experimental  field  site  and  set  up  as  quickly  as  possible.  The  optical  system 
should  be  "built  to  take  it"  and  be  realigned  quickly,  precisely,  and  repeatably,  The 
optical  system  muy  he  used  under  conditions  of  large’  thermal  variations,  and  should  either 
be  insensitive  to  these  variations  or  quickly  adjusted  to  them,  A  maximum  telescope  tube 
length,  required  by  the  trailer  layout,  is  60"  from  the  mount  center,  This,  along  with 
moment  of  Inertia  considerations,  makes  a  compact  telescope  desirable. 

We  require  the  optical  system  to  have  gocul  performance  over  a  wavelength  range  of  1  to 
20  microns.  This  precludes  the  use  of  refractive  elements  in  the  design.  To  facilitate 
tracking  and  the  use  of  a  boreslght  TV,  0  field  of  L/2°  is  desired,  Field  curvature  should 
be  minimal.  The  optical  system  should  be  able  to  focus  from  infinity  to  1.  km,  and  closer 
focusing  is  desirable,  The  turbulent  atmosphere  will  usually  Limit:  performance  of  the 
optical  system  in  the  visible,  however  Later  atmospheric  propagation  studies  will  require 
the  system  to  be  diffraction  limited  beyond  3  microns.  Alignment  will  bo  done  with  a  lleNe 
laser,  so  alignment  tolerancing  for  the  wavelength  must  be  compatible  with  performance 
criteria  in  the  infrared.  Special  fixtures  to  aid  In  alignment  will  be  designed  during 
the  optical  installation,  designing  in  this  capability  is  useful, 
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(lost  In,  of  courau,  an  Important  conn  Idernl.  loti,  Inn  aliio  important  la  procurement  time 
set  up  tlrna,  Initially  and  In  rhc  Mold,  an  overall  vonuttllUy.  I'tve  yearn  from  now  the 
‘flyatem  ttwy  be  engaged  In  stxperlmunm  of  a  lofnlly  unforeneen  nature, 

Nike  IUipcuIca  Mount 

In  moat  opt  leal  a  vat  etna  t  hi1  mount  I  up,  of  tin-  l  o  I  raeopo  i  a  desip.ned  alonp  with  ,u  after 

tin'  opt  lea,  Here,  heoaone  of  eo.atti,  the  converse  la  true.  A  phot  op.raph  nf  the  re  I'm  P  I a  hop 

mount  appeara  an  I'lp.ure  I.  The  mount  liar.  Iiatl  iieveral  moil  I  I  i  e.i  I  ions  mule  to  It  to  fuel  I  It. it 
l  he  I  nn  I  a  I  I  a  t  I  on  of  opt  i  on  ■ 

1.  The  entire  r.'ular  svalent  and  It:.  iiippoillnp  e  I  ee  I  r,  at  tea  vere  removed  I  run  tin-  mount 

,  The  Kiev, 'll  loll  aha  ft  woo  out  "II  -uat  hevoial  I  lie  he,  it  ini'  I"  allow  apm  a  i  I'.a  I  e  1  v 

tl"  r  I  earaiuo  lor  op!  ie",  in  I  In  "  - 1 1  a  •  •  i  i  i  i  - 1  oi  I  Pi  Ac  I  mm  h  ole. 

I.  file  "Mile  pal:"  were  rel'vvel  I  r-  '  '■  I  lie  encoder  ,' eu  I'hoxes  anil  uluiece  are  caplin.' 

Wil.".  I'ellioveil  I'rmn  I  hr  'Mala  ,  i  ,P  '  .  ■  I  I  lie  vele. 

/t ,  The  100  channel  nlip  rinp,  waa  i  einoveil  Iron;  l  In-  vein  ei  el  i  he  A.imnih  a>.  i ;  ,  i,  Im 
replaced  by  a  euhle  wrap  allowl  np,  a  (> .  l.'V1  centra!  open  i  up,  alonp,  the  ax  I  a 
,  llolen  were  out  In  the  emit  nil  wchhltip  of  the  yoke  to  allow  the  paiiKMp.e  of  llp.hl  . 

(i ,  All  power  mipti  I  I  en  ,  motor  eontrola,  etc.  were  removeil  from  approx  Ima  I  r  I  y  1!,M 
of  tile  "front  '  of  tile  hare  to  allow  I  tia  I  a  1  1  at  I  on  of  opt  leal  hcnrlieu,  et  e  . 

7.  A  nhock  absorber  atu!  atop  war  fitted  to  tho^A.i  limit  h  ax  In  to  allow  mot  Iona  of  from 

-10°  to  170".  Thin  preelmlen  tlainap.e  In  the  cable  wrap  atul  proleeln  the  opt  lei, 
front  nevere  anp.nl  ai*  dceelcrat  Ion  of  the  A:',  limn  h  axis. 

The  penult  I  tip,  mount  ,  ready  for  opt  lea  la  depicted  aeheiuat  Icallv  In  I'lpufe  ,  The 
trunnion  rlnp.  Inner  diameter  la  II"  with  nome  minor  project  Iona  which  limit  the  unule scored 
diameter  to  I,1",  The  width  of  the  I  runiil  on  r  I  up.  Is  I/",  which  will  allow  mount  Inn  of  t  lie 
teleaeope  tube  and  .spider  on  one  I  u'c  and  the  prlmarv  mirror  cell  on  I  hi'  other.  A  tiirninr 
flat  will  he  reiptlred  to  direct  II,  lit  i  rom  alonp.  the  opt  le  axis  oi  the  f.-euiep  ra  In  tlirouph 
the  Klevatloti  shaft,  Thin  mirror  ran  he  supported  I  torn  t  lie  rear  ,  possible  I  hroueh  the 
cent  nil  perforation  In  l  he  primary,  .'ildlnp  In  i  he  inherent  haffltnp  of  the  avi.tem 


I’ Ip, tire  I  (above)  Nike  Kereulen  Mount  , 
Heady  for  Option. 

Kip, lire  (rlp.hl.)  Schema t  le  of  Mount 

liityoitt  and  t’onalble  hlp.hl  Path, 
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■  -■-..  .the  A  IW-  inner  diatnotqr  of  the  hdllew  Elttvotlon  ahnft  is  a  ntg.nl  fleant  aperture 
‘’atfeetitti^*thr^esign  'trf  '  the-"8y8temr'  *This  ‘diiafflttef-  tnwBt‘he-h@i^4*»»  *ppiQKiiftatiiji_7"-uhtil,... 
the  light  emergen  Tn  the  "data1  compartment  of  the  yoke,  This  ynke  is  webbed  for  structural 
strength,  effectively  compartmentlng  the  yoke,  The  optical  system  will  he  contained  in 
three  compartments.  Thu  first  is  shared  with  the  Klevntlon  encoder  package.  The  second  Is 
empty  save  cabling  to  the  Klevntlon  encoders.  The  third  is  situated  over  the  Azimuth  axis 
hole,  and  is  empty  except  for  the  tall  of  thu  cable  wrap  which  goes  to  Lite  "motor  side"  of 
the  yoke.  Since  the  wehhtng  may  allow  mounting  of  mirror  supports,  etc.  and  is  required 
for  structural  integrity,  It  has  been  left  intact,  until  the  optical  design  Is  finished. 

There  are  access  holes  and  covers  for  all  of  these  compartment s ,  so  providing,  for  access 
to  adjustment  of  optical  mounts  does  not  appear  to  ho  a  problem.  The  three  compartments 
are  very  small,  and  "shoe -horn  I  ng,"  nl  a  workable  op1  leal  s  vs  tent  Into  this  space  Is  a 
reasonable  task. 


The  ti  1/8"  hole  down  the  Azimuth  axis  Is  the  next  inn  lor  constraint  on  the  opt  leal 
design,  This  diameter  must  be  held  for  about  12",  Alter  passing  this  axis,  the  light 
enters  a  relatively  open  area  In  the  base  of  the  mount,  which  connects  to  the  "front"  of 
the  base  hv  an  opening  approximately  1.2"  x  Id  1/2",  Optical  benches  supporting  the  in¬ 
strumentation  will  he  attached  to  the  "front"  of  the  base. 

The  K leva t Ion  axis  and  Azimuth  axis  force  another  constraint  on  the  system  design. 

This  has  to  do  with  the  rotational  symmetry  of  the  beams  as  they  pass  along,  these  two  axes, 
Obviously  non-axialLy  symmetric  designs,  which  might  have  field  tilts  or  asymmetries  about 
the  axis  should  he  avoided. 

Instrument  at  ion  Requirement  s 

The  requirements  of  the  desired  instrumentation  fall  into  three  categories!  full  field, 
collimated  narrow  field,  and  focused  narrow  field. 

The  bores  lulu  TV  system  will  be  used  for  fine  tracking  adjustment s ,  and  needs  access 
to  the  full  1/2“  focal  plane,  for  initial  acuisltlon  of  the  target  and  alignment  cheeks 
During  other  measurements,  the  region  being  sampled  may  he  subtracted  from  the  field,  and 
tn  its  place  a  dot  he  superimposed.  Call  this  the  field  hole. 

The  SMI  and  laser  sources  would  be  working  I hroug.h  the  focal  point  not  used  by  the  TV. 
The  laser  sources  will  want  to  enter  the  system  as  focused  beams  centered  on  the  field 
hole,  matched  in  17  number  and  exit  pupil  obscurations  to  the  output  pupil  of  the  telescope 
system,  The  allg.nmenl  laser  could  work  through  the  system  In  the  same  way  that  the  laser 
sources  do. 

The  Scanning  Michelson  Interferometer  requires  a  collimated  beam  of  2"  diameter  as  Its 
input  beam.  The  angle  over  which  this  beam  Is  defined  In  ohleet  space  Is  ti.b  mr ,  An  off 
axis  parabola  would  be  used  to  form  the  lb  power  telescope  required.  The  system  would 
then  sample  .41  mr  in  the  telescopes  object  apace.  This  could  couple  through  the  field 
hole  mentioned  previously,  allowing,  simultaneous  boreslght  TV  to  record  the  object  point. 

A  schematic  of  this  system  is  shown  In  figure  i,  Notice  that  It  does  require  a  stationary 
focal  plane,  This  means  focusing  must  he  accomplished  prior  to  this  polnl ,  Two  possible 
ways  of  achieving  this  arc  the  use  of  a  "trombone"  section  of  the  optical  path,  which  adds 
reflections  and  possible  misalignment,  and  the  moving  of  one  optical  clement  along  Its 
optic  axis, 


(tenoral  I  zed  Koltil  Ion 


Afocal  Systems 

It  would  he  simple  to  devise  a  (btllleln  telescope  of  Ih  power.  This  would  form  the  2" 
collimated  beam  required  by  the  SMI.  The  field  of  view  for  tills  system  would  he  very  small. 
With  the  apparent  field  of’  view  defined  hv  the  two  axial  apertures,  It  Would  only  he  about 
14  degrees,  The  true  field  of  the  system  would  he  1/lb  tli  of  that,  about  1,1)  mr.  This  Is 
Just  large  enough  to  do  both  the  laser  experiments  and  the  SMI  work,  but  there  would  he  no 
field  left  over  for  any  tracking  offsets,  or  to  even  see  the  target.  TIiIh  might  lie  adequate 
in  some  situations,  however  t  It  i  h  svstem  would  he  too  const  raining,  for  our  needs.  See 
figure  4, 

Systems  With  Real  fuel 

The  field  of  view  of  any  system  coming,  to  a  locus  after  going,  through  the  Klevntlon 
axis  l.H  a  function  of  the  f/  number  of  the  Cassegrain  and  the  distance  of  the  focus  from 
the  4  1/4"  aperture,  (O,  as  shown  In  figure  5,  A  1/2°  field  of  view,  without  vignetting 
in  possible  only  for  distances  up  to  12"  away  from  tlu>  end  of  the  elevation  shaft.  A 
relay  system  of  some  type  In  required  to  relay  this  locus  to  a  point  at  the  appropriate 
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place  In  the  base,  This  would  he  very  simple  W inti  wEraettvr  oeptieal-elements  r  @ncUa 
series  of  field  lenses  could  be  used,  With  reflective  optics,  however,  the  solutions  to 
this  problem  fall  into  two  categories,  axially  Hymmotrie  along  the  chief  ray,  and  off 
axis  systems, 

Off  axis  relay  systems.  Off  axis  relay  Hystems  would  generally  l>e  comprised  of 
sections  of  iipheVTenl  surfaces,  since  conic  seellons  would  no  too  expensive  to  fabricate 
for  low  17  number  systems.  Thin  necessitates  a  dentin  in  whleii  the  aberrations  balance, 
giving  the  desired  degree  of  correct  lent.  Remembering  that  the  aberrations  induced  by  the 
optics  mum  In.'  axially  symmetric  when  the  light  passes  throne, b  the  Ax  trout h  bearing,  implies 
that  anv  oil'  axis  re  lav  system  must  he  ftillv  corrected  within  the  confines  of  the  three 
compartments  of  the  volte.  This  Is  the  major  problem  with  off  axis  relay  systems.  The 
Ol’l'ner  an!  oeo  I  I  I  mat  or*1  ■  '  showed  great  promise,  hut  was  verv  difficult  to  shoe-horn  Into 
the  boundaries  of  the  vnke  for  any  practical  field.  A  second  system,  with  more  problems 
In  correction,  but  with  a  field  liens  like  element,  was  also  looked  at.  High  1 7  number h 
required  for  aberration  balancing  lead  naturally  to  many  reflections  and  small  useful 
fields,  These  two  systems  are  shown  In  Klgurea  ha  and  bh. 

Ax  lit  J ly  symmetric  systems,  A  great  advantage  to  axially  symmetric  systems  Ih  the  use 
of  coni c ’ sec ti otis  to  balance 'aher rat  ions ,  The  disadvantage  is  that  Newtonian  flats  or 
their  complements  must  he  used  liberally  to  fold  the  system  back  onto  itself,  This  is  not 
true  in  a  concentric  relay  of  the  "clamshell"  tvpofl,  shown  in  figure  he  or  a  similar  system 
shown  in  (id.  The  latter  showed  promise  since  the  midpoint  of  the  relay  is  about  one  half 
the  diameter  of  the  mirrors,  This  looked  like  a  good  way  to  pass  through  the  h  1/8" 
diameter  aperature  at  the  As,  limit  h  bearing.  Unfort  unat  ely  the  use  of  two  (or  three)  folding 
mirrors  to  fit  thin  Into  the  confines  of  the  yoke,  etc.  reunited  In  the  penalty  of  six  (or 
nine)  extra  reflect  Ions . 

‘I'lie  relay  system  which  the  final  design  Is  based  upon  Is  shown  In  figure  he,  Two 
perforated  flats  are  used  to  gain  access  to  the  focal  planes  from  two  ellipses  which 
share  the  central  focal  plane  between  them.  This  focal  plane  Is  magnified  bv  a  factor  of 
l  in  this  ease.  When  tills  focal  plane  Is  situated  near  the  Animuth  hearing  linle,  a 
reasonable  field  can  he  accommodated.  One  drawback  to  this  relay  system  is,  lacking  a 
field  lens,  the  second  ellipse  tmiHt  lie  a  larger  diameter  I  halt  the  first,  Another  Is  that 
the  hole  In  the  first  flat  does  not  map  onto  the  hole  in  the  second  flat,  except  at  very 
small  angles,  This  causes  an  oddly  shaped  kink  In  the  vignetting  function,  which  is  a 
minor  drawback,  and  must  be  taken  into  account  If  radiometric  measurement  a  are  ever  made 
over  a  wide  field.  Tit  I  a  will  be  elaborated  upon  later,  Advantages  of  this  relay  system 
are  minimum  number  of  refleet  Iona  and  focusing  Is  readily  aecomp  1 1  tilled  by  moving’ K  i  along 
t  i  s  opt  1  c  ax  i  s  , 

f/h  Cassegrain  and  Kelay  System 

The  best  optical  system  design  mntehes  n  classic  Cassegrain  with  the  double  elliptical 
relay  system  .lust  described,  The  layout  of  the  optical  surfaces  1»  shown  in  isometric 
prelection  in  figure  7,  A  drawing  indicating  the  fit  in  the  Nike  Hercules  mount  Is  shown 
In  figure  8,  The  system  has  a  useful  field  of  I//*’  which  will  Interface  directly  to  the 
instrument  match  (tip.  opt  tea  I  layout  described  above.  The  f/if.S  parabola  and  a  It  I/A" 
diameter  secondary  with  a  magnification  of  i!  .6  result  In  a  classic  Cassegrain  of  f/h, 

The  I/’, 111  field  of  view  is  defined  by  the  l.bgh"  hole  in  the  first  perforated  flat,  Tf  1. 

The  diameter  of  l*f  1  and  K  1  are  consistent  with  mounting  in  the  "data"  compartment  of  the 
yoke,  f,  I  will  he  the  focusing  element  of  r lie  system.  Hay  I  racings  Indicate  that  focusing 
at  Itlt)  meters  is  possible  without  severe  image  degradation  over  I  lie  field.  The  systems 
second  focus ,  approximately  V  In  diameter  Is  posit  toned  Wist  above  the  Ar.  limit  h  axis  hole, 
This  will  allow  the  positioning  of  an  alignment  aperture,  concentric  with  the  hole  for 
alignment  checks,  ’I'lie  second  ellipse,  K  2,  must  lie  It"  in  diameter  but  Is  positioned  In 
I  he  tipen  base,  The  second  perforated  flat,  I’f  II,  will  be  situated  lusi  outside  the  base 
at.  l  he  r ron l  . 

Hay  Traces 

The  system  was  optimised  for  Image  quality  In  the  I//"  field  of  view  using  ray  tracing 
techniques.  Hay  traces  were  made  using  IH  rays  about  the  chief  ray  in  a  hexagonal  pattern, 
Input  parameters  were  spaclngs  and  surface  radali  of  curvature,  Conic  constants  of  mirrors 
K  1  and  K  2  were  allowed  to  vary,  with  the  primary  and  secondary  held  at  both  classic 
casaegrlan  and  Hllchey-ChrCt len  values.  It  was  found  that  the  optimum  conic  constant  for 
K  2.  was  -.51  and  that  li  I  would  like  to  he  an  oblate  spheerold  (M  -I).  Since  I!  2  domi¬ 
nates  tin-  final  performance  of  the  system  and  "heat  focus"  field  curvature,  It  was  decided 
to  halt  K  1  at  a  splicer  to  minimise  costs.  The  use  of  a  classic  Cassegrain  allows  the 
aval  cm  :.ome  extra  versatility,  without  the  first  turning,  flat  li  Is  a  stand  alone  telescope 
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Offncr  Relay 


Off  Ax  1b  Relay  with  "IMelil  1  on h 


HOfTTON 


C-7 


•  "  •  Tablet  ; 


Surfaces 


Inches 


Meters 


Primary 

Parabola 

(Hyperbola) 

R  Curvature 
Diameter 

160,00 
32 , 00 

M  - 
(H  - 

Secondary 

Hyperbola 
(llyperbo  la) 

R'  Curvature 
Diameter 

109,92 

11,25 

M  - 

(M  ■* 

Kl 

Spheer 

R  Curvature 
Diameter 

54 , 00 

7 , 00 

M  - 

PF1 

Diameter 

Perform  Ion 

4,2  5 
1,68 

PI*'?. 

Diameter 

Perforation 

12.00 

1,68 

H  ** 

122 

lUlipse 

R  Curvature 
Diameter 

54 , 00 
13.00 

Separations 

Primary 

Secondary 

47.94 

Secondary 

12 1 

El 

112.94 

E2 

216,00 

Hack  focal 

1  enp,th 

0, 00 

122 

final  focus 

16,00 

HI 

Pl*’l 

122 

36.00 

PI*  2 

16.00 

,  53 


1710 
,1/78 
.1080 
,0426 
.1,048 
,0426 

’1.3716 
,3102 


1,2177 
2,8687 
3.4864 
,  7  36(1 
,'>144 
,4144 
.*>144 


I’rtnuiry  f 'no  7.50 
Syn lum  I' /no  6,00 


t*' I p,ure  7  (above)  isometric  buyout  . 

I  8  (rli’ht  )  dpi  leal  Syatem  In 

Mike  Hercules  Mount  , 


Obscuration  Kntlo  .414 
Pull  l*'leld  .  50" 
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I'lt  Itl  i'ii.i'  I  v  lor  V.n'loui!  Mu  r  l  aoon  attil  Svi.i  on  ('I 


,\  I  I  ■:  i  l  n«>  of  I  ho  port  loom  tllainot  ora  ,  npno  I  non  ,  radii  1 1  of  ontv.it  uro  and  oonlo  ooitnl  ;ilti  tt 
In  pivoll  In  Tablo  I  Krmilln  of  iiyntom  ray  t  mooii  .iro  nhown  111  I'lj’iiro  11  for  Mold  Mtlr  I  or 

of  II,  and  .‘i  mi* ,  wllli  oh.U’oi  .1 1  it  I  anoon  of  WO,  1000,  '*000  and  In  iiiolorn, 

VI pilot  t  lot;,  I'nnoi  loan 

Approx  liii.it  o  v  I  ptiol  t  I  it>'.  i  nnol  li'tni  with  vary  I  nr  Hold  .mo  I  o  .iro  nhown  In  I'lrmo  10  lor 

t  ho  nia  lor  rolU'ollii)'  mii'faoon  In  I  ho  iol.iv  :'vnl  on  in  thorn  t  ho  olio  oorronpoiul  I  nr  lo  I. 

Iimi  |  ho  mini  v  kink  at  ,il/"i"  Mold  anr  I  o  will  ol>  wan  moiil  ionod  prov  lown  1  y  .  II  tioonnn.irv,  tin 
v  I  pilot  I  I  up  fiiliotlon  hi, iv  ho  "mnool  lioil  1  hy  a  opool.illy  don  I  pin'd  npprtnio,  howovor  ll  noolim 
•non t  iinofut  to  noo  If  any  prnhloiim  arlno  I'lrnt. 

t'oiio  I  nr  I  our. 

The  ilon Ip, it  ntudy  wan  mioooiii' fill  ,  'Iho  iloiilpu  poaln  woro  mol  hy  a  al  lohllv  almplor 
nyntom  than  had  boon  oxppriod.  Kay  I  r.ioon  Indlouto  that  i  ho  nvntom  por  t'ormaitoo  will  ho 
pooil ,  Porhapn  thin  nno  ol  a  nurplun  radar  mount  i  or  a  trnpklnp  nyniotu  will  ho  popoatod, 

Aoknow  I  oO^.mon  l  n 

Thin  work  wan  npoiiaoroil  hv  Naval  Soa  Syntoinn  t'omm.nnl  PMS-Ati'i .  Tho  author  wlnhon  to 
thank  Mm.  Karhara  Kokorl  for  lior  oaroful  aiid  pat  loot  tvpiny  of  I  ho  inannaor  I  pt  . 
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1.  INTRODUCTION. 

This  document  describes  the  results  of  «n  optical  sys¬ 
tem  r«y  trace  analysis.  The  optical  system  is  an  Infrared 
tracker  which  uses  a  Nike  Hercules  pedestal.  NAVAL  RESEARCH 
LABORATORY  lettsr  #2412-429  (B-21-80)  and  several  papers  by 
R.  Horton  contain  a  complete  system  description. 

The  tracking  system  has  a  focal  length  of  192  inches 
and  an  f/6  aperture.  It  operates  at  object  ranges  from  0.3  Km 
to  infinity  at  a  full  field  of  view  equal  to  0.5  degrees.  The 
system  itself  comprises  a  pure  Cassegranlan  telescope  followed 
by  a  relay  system  consisting  of  a  Sphere  and  an  Ellipse. 

This  report  describes  in  detail  the  optical  elemental 
four  focussing  elements  and  seven  optical  flats.  Ray  trace 
results  are  Included  for  various  abject  ranges  from  0.3  Km  to 
10.000  Km.  and  for  two  object  anglesi  object  on  thr  optical 
axis  and  0.25  degrees  off  the  optical  axis.  The  results 
show  that  the  optical  design  goals  hava  been  met. 
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2. SYSTEM  DESCRIPTION 


Tha  optical  *y*tam  compriaa*  ■four  focu**ing  mirror*  and 
••van  flat*.  In  tha  ordar  in  which  an  input  baam  would  *trik 
tham  thay  arai 


1.  Parabola 

2.  Hyparbola 

3.  Folding  Flat. 

4.  Folding  Flat  2 

8.  Sphar* 

6.  Parforatad  Folding  Flat  1 

7.  Folding  Flat  3 

6.  Folding  Flat  4 

9.  Folding  Flat  8 

10.  Parforatad  Folding  Flat  2 

11.  Ellip*a 

Tha  Parabola  and  Hyparbola  form  a  pura  Ca**agranian 
t.ala*copa|  tha  aphara  and  allip«a  conatituta  a  ra lay  «y«tam 
which  togathar  with  tha  folding  flat*  transfar*  tha  imaga  to 
convaniant  location.  Figura  1,  which  i*  axtraetad  from  tha 
NAVAL  RESEARCH  LABORATORY  1  attar  to  tha  Muffolatto  Optical 
Company,  show*  *chamatical 1 y  tha  optical  *y«tam  layout.  Tha 
•pacific;  alamant  paramatar*,  also  axtraetad  from  tha  *ama 
documant  ara  a*  follow*. 


Primary  Mirror 
Di amatar 
Focal  langth 
Parforatlon  Di 
Matarial 


Coricava  Parabola 
32.00  *0.08  incha* 
SO. 00  *0.10  incha* 
amatar  8. 00*0. OSincha* 
NRL  auppliad 


Sacondary  Mirror 
Di amatar 
Thicknas* 

Figura 

Matarial 


Convax  Hyparbola 

13.28  *  0.08  incha* 

2.28  incha*  minimum 

R  curvatura  ■  109.9  *  0.08  inch** 
Conic  constant,  M"  4.90 
Praci*ion  annaalad  Pyrax 


Turning  Mirror 
Matarial 


<F1>  Flat 

NRL  suppliad  12  ineh  di amatar  x  2  inch 
thick  gla**  or  pracivion  annaalad  Pyrax. 


Turning  Mirror  <F2> 
Di amatar 
Thlcknas* 

Matarial  tha  *ama  a* 


Flat 

4.30  *  0.08  incha* 
0.78  incha*  minimum 
in  tha  praviou*  itam. 


Ralay  Mirror  (El)  Concave  Sphara 
Di amatar  7.00  *  0.08  incha* 

Figura  R  curvatura  54.00  *  0.10  incha* 

Conic  constant  M  ■  -1.0 
Sama  a*  praviou*  itam. 


Matari al 


Perforated  Relay  Mirror  (PF1)  Flat 
Diameter  4.25  +  0.05  inches 

Thickness  0.75  inches  minimum 

Perforation  Diameter  1.62  +  0.02  inches 

Perforation  Cone  1/2  Angle  20  degree* 

Turning  Flat  <F3) 

NRL  supplied  Newtonian  Diagonal  from  36  inch  system  to  be  str¬ 
ipped  and  add /chrome  coated  only. 

Turning  Flat*  (F4>  and  <FS> 

Diameter  12.0  +  0.05  inch** 

Thickness  2.00  +  0.05  inches 

Material  Same  as  Flat  (FI) 


Perforated  Relay  Mirror 


Di amcter 

12.00 

Thl  c: knees 

2.00 

Perf oration 

Di ametor 

1.6ft 

Perf orati on 

Cone  1/2 

Angle 

Relay  Mirror 
Di ameter 

<E2) 

13.00 

Thickness 

2.25 

Figure 

R  cur 

Conic 

Material 

Preei 

(PF2)  Flat 
+  0.05  inches 
inches  minimum 
+  0.02  inches 
20  degree* 


+  0.05  inches 
inches  minimum 
vature  54.00  +  0.10  inches 
Constant  M  “  -.53 
sion  annealed  Pyr»« 


The  effective  focal,  length  of  the  optical  system  is  the 
focal  length  of  the  Camssgranian  telescope  formed  by  the  pri¬ 
mary  Parabola  and  the  Hyperbola.  The  Sphere  and  Ellppse  cons¬ 
titute  a  relay  system  and  donot  change  the  effective  system 
focal  length. 

The  above  stated  mirror  curvature*  together  with  the 
fallowing  spacing*  between  the  focussing  elements  determine 
effective  focal  length  and  the  final  image  position.  The  spa¬ 
cing*  are  a*  follows. 


Primary  to  Secondary 
Secondary  to  Ei  (sphere) 
El  to  E2  (Ellipse) 

E2  to  final  Focus 


47.94  inches 

112.94  inches 
216.00  inches 
36.00  inches 


The  system  effective  focal  Length  is  192.00  inches. 
Thin,  value  and  the  32.00  inch  Primary  Diameter  determine  the 
f  number  to  be  6.00.  The  Obscuration  Ratio  is 

.414. 


1.10 


3.  SYSTEM  PERFORMANCE. 

System  performance  hast  been  evaluated  by  mean*  of  a 
trigonometric  ray  trace  for  the  following  (point)  abject  dist¬ 
ance*  j  1,  5,  10,  SO,  100,  BOO,  1000,  BOOO,  and  10000  kilo¬ 
meter*.  At  each  range  the  abject  is  on-axis  and  0.25  degrees 
off  axis.  Results  are  also  shown  for  the  object  at  300  meter* 
in  order  to  demonstrate  how  movement  of  the  relay  sphere  main¬ 
tains  the  image  in  the  proper  focal  plan**. 

In  each  case  a  fan  of  forty  ray*  emanating  from  the 
object  point  scans  the  primary  mirror  in  a  four  inch  by  four 
inch  grid.  The  result.*  show  the  focal  plane  coordinates  in 
terms  uf  the  (grid  points  on  the  primary.  The  coordinate  sys¬ 
tem  is  one  in  which  the  Z  axis  is  the  optical  axis.  Positive 
X  is  horiaontal  toward  the  right  when  looking  toward  the  pri¬ 
mary  mirror.  Positive  Y  is  up.  .  XP  and  YP  denote  the  primary 
mirror  coordinate*!  XP  and  YF  denote  the  focal  plane  coordin¬ 
ate*.  For  each  case  the  X  and  Y  focal  plane  coordinate*  are 
separately  averaged  to  determine  the  mean  and  standard  devia¬ 
tion  for  focal  plane  X  and  Y  coordinates.  In  each  case  the 
focal  plane  i«  located  36  inches  behind  the  final  Ellipse. 


4.  RAY  TRACE  RESULTS.  ...  ... 

Th*  focal  plan*  coordinat**  for  all  ca***  *v*n  far  th* 
obj*ct  *•  n*ar  a«  on*  Kilom*t*r  and  0.25  d*gr**a  of#  ah1* 

•tay  within  an  angular  *pr*ad  of  0.4  ml  1 1 iradiana.  Not*  that 
all  mirror  and  focal  plan*  location*  r*main*d  conatant  ov*r 
th*  ontir*  ob j*ct  rang*  from  on*  to  10,000  kllom*t*r*. 

At  th*  objoct  diatanc*  incr*aa*a  th*  focal  si  an*  apot  at** 
d*cr*a**a  and  *v*ntually  *xc**da  th*  Physical  Optica  Dif*r*c" 
tion  limit.  Th*  larg*r  apot  also*  at  abort  rang**  r**ult  from 
out-of **f ocm*  condition*  but  th*  foeuoaing  *l*m*nt*  w*r*  not 
alt*r*d  during  th*  trae*a  from  on*  to  10,000  Kilom*t*r*  purp- 
oa*ly  in  ord*r  to  d*mon*trat*  th*  acc*ptabl*  optical  ay*t*m 
p*rformanc*  without  th*  n**d  for  adju*tm*nt  . 

Th*  final  trac*  ahow*  th*  focal  plan*  coordinat**  for 
th*  point  objoct  at  only  0.3  Kilom*t*r*.  H*r*  th*  third 
focuaaing  *l*m*nt  (Bph*r*)  mov*d  3.6*  inch**  backward  (toward 
th*  Focal  Plan*)  whil*  not  changing  th*  othar  location*. 

Th*  apot  ait*  for  optimum  adju*tm*nt  of  th*  *ph*r*  *xc**d* 
th*  Airy  Diffraction  Limit  Criteria  <Wav*l*ngth  -  0.6  micro¬ 
motor*)  both  for  th*  obj*ct  on-axia  and  0.25  d*gr**a  off-axia. 


RESEARCH  OPTICS,  INC. 


!,  V*rna  Muffoltffo,  Prdtlflant 
8/24/81 


Rung*  i si  1  Kilomstsr 
I  mag*  is  on  th«  *xits 

Thw  following  dimansions  *r«  in  inch** 
vp  YP  XF 


0 

-B 

-4 

0 

4 

5 

-12 

-8 

-4 

0 

4 

0 

12 

-12 

-0 

0 

12 

-16 

-12 

-B 

e 

12 

16 

-12 

-0 

e 

12 

-12 

-B 

-4 

0 

4 

0 

12 

-8 

-4 

0 

4 

e 

o 


-16 

0 

-12 

-.0390106 

-12 

-.0193202 

-12 

0 

-12 

.0193202 

-12 

.0390106 

-8 

-.0505207 

-8 

-.0390698 

-0 

-.0195561 

-0 

0 

-0 

.0193361 

-0 

. 0390690 

-8 

. 0385207 

-4 

-.0585583 

...4 

-.0391122 

-4 

.0391122 

-4 

. 0583583 

0 

-.0779393 

0 

-.0506063 

0 

-.0391299 

0 

.0391299 

0 

. 0386065 

0 

.0779393 

4 

-.0385583 

4 

-.0391122 

4 

,0391122 

4 

. 0385383 

8 

-.0385207 

0 

-.0390698 

0 

-.0195561 

8 

0 

8 

.0195361 

8 

. 0390698 

0 

. 0335207 

12 

-.0390106 

12 

-.0195202 

12 

0 

12 

.0195202 

12 

.0390106 

16 

0 

YF 


-.0779393 
-.0505166 
-.0585503 
-.0506065 
-.0503583 
-.0305166 
-.039013 
-.0390690 
-.0391122 
-.0391299 
-.0391122 
- . 0390690 
-.039013 
-.0195202 
-.0195361 
-.0195561 
-.0195202 
0 
0 
0 
0 
0 
0 

.0195202 

.0195561 

.0195561 

.0195202 

.039013 

. 0390690 

.0391122 

,0391299 

.0391122 

. 0390690 

.039013 

.0585166 

.  05135503 

. 0586065 

. 0503503 

.0503166 

.0779393 


Avsrsg#  X  Vtilu*  lm  0 
Mssn  X  8prs#d  is  .0420090 


Avsrsgs  Y  V*lus  isi  0 
M»«n  Y  Qprssd  Is  .0420094 


D*7 


< Inchss ) 
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r-s*  <‘+w.-tvYv-ifc^-W  iu*iiva*  PerfVY4?*ww*tV ^  ^  flU  t  ji  r^  ■  ^ — ^y^wati 


Rang®  l«i  1  Kilom®ter 

I  mag®  Haight  is  4.36332  metsr®  off  th®  axis 
Th«  following  dim®n»ion®  ®r®  in  Inch®® 


XP 

YP 

XF 

YF 

0 

-16 

o 

-. 923574 

-e 

-12 

-.0392576 

-.90476 

-4 

-12 

-.0196460 

-.904979 

0 

-12 

0 

-.905091 

4 

-12 

.0196460 

-.904979 

8 

-12 

.0392676 

-.90476 

-12 

-8 

-.0691582 

-.805524 

-8 

-8 

-.0396014 

-.005867 

-4 

-a 

-.019774 

-.886084 

0 

-0 

0 

-.886152 

4 

-8 

.01977.4 

-.886004 

B 

-8 

.0396014 

-.085867 

12 

-6 

.0591602 

-.885524 

-12 

-4 

-.0594723 

-.066284 

-0 

-4 

-.0397272 

-• 866608 

8 

-4 

. 0397272 

- . 866608 

12 

-4 

.0594723 

-.866284 

-16 

0 

-.0795169 

-.846323 

-12 

0 

-.0597912 

-.846716 

-0 

0 

-.0399261 

-.847002 

8 

0 

.0399261 

-.847002 

12 

0 

.0597912 

-.046716 

16 

0 

,0795169 

-.846323 

-12 

4 

-.060016 

-.026863 

-0 

4 

-.0400907 

-.8271 

8 

4 

. 0400907 

-.8271 

12 

4 

.060016 

-.026863 

-12 

0 

-.0602357 

-.806735 

-0 

0 

-.0402225 

-.806953 

-4 

0 

-.0201337 

-.807082 

0 

0 

0 

-.007128 

4 

0 

.0201337 

-.007082 

B 

0 

. 0402225 

-.806953 

12 

0 

.0602357 

-.806735 

-0 

12 

-.040342 

-.704581 

-4 

12 

-.0201073 

-.786701 

0 

12 

0 

-.784708 

4 

12 

.0201073 

-.706701 

8 

12 

,040342 

-.706501 

0 

16 

0 

-.764134 

Avsrag®  X  Valu®  in  0 

Averayw  Y  Valu® 

i si -.046278 

M®«n  X  Bpr®*d 

i®  .0424*426 

M®an  Y  8pr®ad  1®  .0425057 

D-8 


( Inch*®) 
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Range  i»t  3  Kilometer* 
Image  ie  on  the  awl* 

The  following  dimenoion*  *r 


XP 

0 

-e 

-4 

0 

4 

0 

-12 

-8 

-4 

0 

4 

0 

12 

-12 

-0 

8 

12 

-16 

-12 

-8 

0 

12 

16 

-12 

-8 

8 

12 

-12 

-0 

-4 

0 

4 

0 

12 

-8 

-4 

0 

4 

8 

O 


yp 

-16 

-12 

-12 

-12 

-12 

-12 

-8 

-e 

-8 

-8 

-0 

-g 

-B 

-4 

-4 

-4 

-4 

O 

0 

0 

a 

o 

o 

4 

4 

4 

4 

B 

8 

8 

e 

8 

B 

B 


12 

12 

12 

12 

12 

16 


e  in  Inch** 


XF 


O 


Average  X  Value  i 

Mean  X  Spread  i*  S.B0827E-03 


-7.S7628E-03 

-3.9439BE-03 

0 

3.94399E-03 
7«  S762BE-03 
-.011B134 
-7 . 90S96E-03 
-3*  96723E-03 
O 

3.96723E-03 
7. 90S96E-03 
, .0118134 
-.0118313 
-7 . 9344SE-03 
7.93445E-03 
,0118313 
-.018691 
-.0118649 
-7.947216-03 
7.94721E-03 
.0118649 
.018691 
-.0118313 
-7. 9344BE-03 
7.9344BE-03 
.0118313 
-.0110134 
-7.90B96E-03 
-3. 96723E-03 
0 

3.96723E-03 

7.90B96E-03 

.0118134 

-7.87628E-03 

-3.9439SE-03 

0 

3. 94398E-03 
7. 87628E-03 
0 


YF 

-.015691 
-.0118134 
-.0118313 
-.0118649 
—.01 18313 
-.0118134 
-7.87628E-03 
-7. 90S96E-03 
-7. 93448E-03 
-7. 94721E-03 
-7. 9344BE-03 
-7.90B96E-03 
-7. B762BE-03 
-3.9439BE-03 
-3. 96723E-03 
-3.96723E-03 
-3.94398E-03 
0 
0 
0 
0 
0 
0 

3.  94398E-03 

3.96723E-03 

3. 96723E-03 

3. 94398E-03 

7.B7628E-03 

7. 90C96E-03 

7.9344BE-03 

7.947218-03 

7. 9344BE-03 

7.90596E-03 

7 ■ 87628E-03 

.0118134 

.0118313 

.0118649 

.0118313 

.0118134 

.018691 


Average  Y  Value  iei  0 
Mean  Y  Spread  i*  8.90B27E-O3 


< Inchee) 


Range  i*i  S  Kilometer* 

Image  Height  1*  21.8166  meter*  off  the  aw  it* 
The  following  dimension*  are  in  lnche* 


XR 

VP 

XF 

YF 

0 

-■16 

0 

-.859210 

-8 

-12 

-7.  74634K-03 

- . 856506 

-4 

-•12 

-3.87877E-03 

-.856673 

0 

-12 

0 

-.85677 

4 

-12 

3.87S77E-03 

-.856673 

e 

-12 

7.  74634E-03 

-.056806 

“12 

-8 

-.0118938 

-.853379 

-8 

-8 

-7 . 964028-03 

-.853664 

-4 

-8 

-3. 99673E-03 

-.853848 

0 

-8 

0 

-.88391 

4 

“0 

3.99673E-03 

883848 

8 

-8 

7.96402E-03 

-.083664 

12 

-8 

.0118938 

--.853379 

~12 

-4 

-.012202 

-.050231 

“8 

-4 

-a. 1768E-03 

-.880504 

a 

-4 

B. 1768E-03 

- . 850504 

12 

-4 

.012202 

-. 050231 

-16 

0 

-.0165601 

-.046421 

“12 

0 

-.012512 

-.846775 

-8 

0 

-6.3BU3E-03 

-.84703 

8 

0 

B. 3B 1136-03 

- , 84703 

12 

0 

.012512 

-.846775 

16 

o 

.0165601 

-.846421 

-12 

4 

-.0127656 

-.843025 

-a 

4 

-8, 55422E-03 

-.843261 

a 

4 

8. 55422E-03 

-.843261 

12 

4 

.0127656 

-.843025 

-12 

8 

-.0130246 

• . 039003 

-8 

8 

-8.72123E-03 

-.639226 

“4 

8 

-4.3732BE-03 

-.839354 

0 

8 

0 

-.839384 

4 

8 

4.37325E-03 

-.839384 

8 

8 

8. 72123E-03 

-.839226 

12 

8 

.0130246 

- . 839003 

“8 

12 

-B.B7644E-03 

-.834923 

-4 

12 

-4.44823E-03 

-.838048 

0 

12 

0 

-.83508 

4 

12 

4. 44823E-03 

-.835048 

8 

12 

8. 876441-03 

">.834923 

0 

16 

0 

-.030852 

Average 

X  Value  isi  0 

Average  V  Value 

1*1 -. 846316 

Mean  X 

Spread  i*  0.970386-03 

Mean  Y  Spread  1*  7. 76659E-03 

< Inch**) 


Rang*  im  10  Kllomatara 

imaa#  ia  on  tba  *wi»  4 

Th» following  dimanaiona  ara  in  inch** 


XP 

0 

-0 

*«4 

0 

4 

a 

-12 


-4 

0 

4 

8 

12 

-12 

~0 

0 

12 

-16 

-12 

-0 

0 

12 

16 

-12 

-0 

S 

12 

-12 

-8 

-4 

0 

4 

e 

12 

—8 

-4 

0 

4 

fi 

0 


yp 


-16 

-12 

-12 

-12 

-12 

-12 

-a 

-a 

-e 

-8 

-a 

-8 

-0 

-4 

-4 


0 

0 

0 

0 

0 

0 

4 

4 

4 

4 

0 

0 

8 

8 

8 

a 

8 

12 

12 

12 

12 

12 

It 


Avaraga  X  Valua  i0»  J 
Maon  X  Spraad  ia  4. 30413E-03 


0 

-3. 9B004E-03 
-1.9967E-03 
0 

l .  9967E-03 
3. 880046-03 
-S.96929E-03 
-4,00776-03 
-2.01A6E-03 
0 

2,01666-03 
4, 0077E-03 
S.96929E-03 
-B.90S6E-O3 
-4.03333E-03 
4,033336-03 
5, 9086E-03 
-7.904836-03 
-6.019B9E-03 
-4.0441BE-03 
4.O4410E-O3 
6. 019B9E-03 
7 , 90453E-03 
-8,98866-03 
-4.O3333E-03 
4.033336-03 
8. 9886E-03 
-8,969296-03 
-4 , 0077E-03 
-2.01666-03 
0 

2,01666-03 

4.00776-03 

S.96929E-03 

-3.980046-03 

-1.99676-03 

0 

1.99676-03 

3.980046-03 

0 

Avaraga  Y  Val' 
Haan  Y  Ipraad 


YP 

-7.90483E-03 
-5 . 96929E-03 
-5. 9B06E-O3 
-6.019S9E-03 
-8.9886E-03 
-8.96929E-03 
••3. 980046-03 
-4.0077E-03 
-4.033211-03 
-4,044186-03 
-4. 0332 IE -03 
-4. 0077E-03 
-3, 98004E-03 
-1.99676-03 
-2. 01 666E— 03 
-2. 01666E-03 
-1. 99676-03 
0 
0 
0 
0 
0 
0 

1,99676-03 
2.01 6666—03 
2. 016666-03 
t . 9967E-03 
3.980046-03 
4. 00776-03 
4.033816-03 
4.044186-03 
4. 0332 IE -03 
4 . 0077E-03 
3.90OO4E-O3 
B.96929E  -03 
8. 9B86E-03 
6. 01 9896-03 
8,98866-03 
8.96929E-03 
7.904838-03 

m  lai  0 
i«  4, 30412E-03 
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(lnehaal 


D- 13 


R*nq#  i»«  10 

litwaqw  Hfi 'ill'"  t',J.  43.  A---*  ,n* 
the*  fol  lowing  Ul  mention*  »n 


«  off  ihttf  *>11* 
in  innhe»» 


■  7,.  7  WO  IE'  <•' 

-t  ,9U*ae-03 
0 

3,  7900 IE' 03 

. 8. 97 19 IE-03 

-4. 02S44E~03 
•2. 0284  IE -"O'? 

o 

2.02B41E-03 
4, 02844(5  ■*  03 

•},  971 ‘VIE: -01 

•6.286 14C-‘»J 
-4 „ 236  IE -03 
4 , 236 1  E-O.'S 
6. 20614E “03 
-B. 689640-03 
-4.RW8E-03 
-4. 434118-03 
4,4341  IE -o'; 

6. 13968E . 03 

U.60904K~O3 

-6.B«2tBE-03 
•4. 670798-03 

4.620790-05 

6.3132 1 5E-03 
-7 .  i  iWbE-03 
-4. 77994E-03 
-3, 399440-03 

0 

2. 3794  4 F:  “03 
4,  779946* -03 
7. 1156E-03 
-4.93717E-03 
-2. 48098E-07 
0 

2 , 400906-03 
4, 9371 7E-03 


35 1206 
,  <3!ri<  >464 
- .  0"iO6S2 
-.080719 
-.850682 
-.0130464 
- . 849337 
-.849647 
-.849822 
-.(149882 
.049822 
- . 049647 
-.049  i»7 
■  .0482  51 
-.848492 
-  ,  04349:’ 
-.840731 
- .846442 
- .  046738 
■■  ,  847014 
.047034 
346738 
« . 046443 
-  .345506 
-.045277 

- „ 345377 

~.043v6 
- ..  043056 
- . 043262 
-.043392 
-.043425 
-  .  84339? 
■■,043262 
- , 043056 
-.84099? 
„  84 1  102 
•<.841138 
■•■•.841  10? 
-.040992 
-.33864? 


Av«r«g»  X  V*lu*  * 
H**n  t  8pn»*d  itt  4.  734496. 


A v*r <*««•'  V  V*U«#  i»*-.B46T29 
Hw.«n  V  8»>rw*d  i»  3 „  40049k. -"3 


l  \  m  hW 


ftange  1  «i  100  Kt  Jennet  <srn» 

J  frmqc*  i«t  nn  the  a>:tw 

The  lol  Jetwing  cl  intents  inn®  are  in  inchest 


xp 

v  P‘ 

xr 

Yf 

1 1 

1  6 

0 

■0  ,  0*i"  1  iS»l:  -04 

■  H 

-  1 1 

-  4.  7B51 16  FT  1 ' 4 

■  V.  1  4  VEf-04 

4 

1 

,'„4u'.*H2l  u'l 

-  7,  2?i''.’l:lM?.-"4 

0 

-  i  2 

O 

f,  iPl'.it;  1  l4 

4 

-r 2 

2.  4O902£”O4 

-7.2B98SE~04 

B 

-  i  2 

4 . 70SO6E-O4 

-7.  19S47E-04 

~t2 

-w 

-7.  l«?K47E--04 

•4 . 78r»0AE*-04 

-B 

. 0 

-5.0FM.A6E-04 

-B.O0&6AE-O4 

■"*4 

-F.I 

62S5AE-04 

-5.2571 PE-04 

o 

e 

0 

-3. 385BBE-04 

4 

-  (■) 

2.  A2SSAE-U4 

•  -3. 237 13E‘  04 

8 

e 

J5.086&AE-04 

~S.  <'H606E~04 

1 

“43 

7.  19B4  7t”04 

">4  ■  VfiHJOnE— 04 

1  2 

■4 

•7,2598SI?-*'>4 

■  40V02E-04 

& 

-4 

h.  2571 PE  -04 

-2.02HP.dF- o4 

B 

...  4 

5.  257l7<F;--04 

2.  dpnr.dt  -04 

12 

-4 

7.  2'WI‘,ili-<i4 

-  Z .  409R2E  -  04 

—  1  d 

i'i 

04 

1,1 

-1 

1 1 

■  7. 650HSI-  -•«  '4 

1 1 

-0 

ii 

~5.PtilP8HE  -<>4 

u 

1:1 

>  1 

’i.  MrTilrW  •  04 

0 

1  ? 

i,i 

v.m>oww.  04 

1 1 

.1  1. 1 

11 

9, 1 tOPd /p~04 

0 

-  .1, 2 

4 

*7 . 2n*»«5C-  *04 

2. 40VB2E-04 

-fl 

4 

*•5.  2'X:  1  'J(-  -•>  »4 

‘2.d?8b*»P"*'4 

8 

4 

r!«  1  3E-04 

2 .  <Wt!5dE  04 

i 

4 

•  ,2'isi»85P  01 

2.  40,?fli’E'*->.'4 

- 1 2 

6 

-•  7  „  |  <V"i4  /F-04 

4 »  .’SPOOF  04 

-B 

B 

••H,0866I>K  '•* >4 

*) Ol'Jddnfi  -04 

-4 

B 

-2.62BSAr-04 

P.  23  V  j  . . . 

0 

H 

0 

3.  3HB88fc' -Oil 

4 

B 

2.<>286feE~04 

P.257.1  JE-C'4 

0 

H 

n„  <  M3.'i60b:-  u4 

0. 1  •Sdi'idE  -  • 14 

1? 

u 

7.  |  IV "ill  ,'lu-  u4 

4 ..  /SSOdt*  >4 

- 1:1 

.12 

"4  »  7inViOV.ll;  04 

7 .  1  ‘V54  /fc-o4 

...4 

J  2 

•  4O9BVP  -04 

7.239B3E-'»4 

0 

12 

0 

7.630B3E-04 

4 

!.  2 

40<7B2r.  04 

/.  2»*»B“JE--04 

8 

1 2 

4 . 76IH06F:  -04 

7. 1 9547K-04 

0 

I  n 

0 

9.  095*71- -04 

ft  vi*  rag  «t 

X  Value  .t  ii  1  0 

I'Wwf  mijm  Y  Value 

i  61 9  0 

Moan  X 

Spread  i«  5.  27961E-04 

Mean  Y  Spread  i,  tt  5.  279<m It* -04 

m 


K  I  IK.  hi*M> 


KVintK' 

i  hi  ''in  1  i  !  i  mu-* C 

1  umi'io 

|  nil  1  I'lM  I'V 

l|  u-i  |ii 

1  i  i  h j 1 1 1 1 1  Hi  nu-' i i i  «ii i iai* 

V'  III  11  II  1  ll«'  »i 

■  0 

'<  1- 

i  F 

<  i 

I-,. 

\  > 

1  .  -Vi. 

9  *, 

-8 

1  2 
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1 , 70827E-O4 
1 . 36403E- 04 
X  .  2<  i07 BE -04 

1. B072 IE-04 
2. 052706-04 
2 , 734 1 2E-04 
2. O5270E-O4 
,|, .  8072  3.  E-04 

2.  .0  >0476.-0 4 


(W(?r 

«n 


,*<«  X  o#lu»  i»«  0 
,  X  dcir-««d  in  1.49216-04 


Av«*r*o*»  v  1»*  .... 

M  w  « r  >  ¥  B  p  r  «  *  d  i  *'  1  *  4  f  * 1  fe 4 


R#m;)*a  i  ms  5000  Kx  1  ciniot.KSf  m 
linage  in  an  l-.hw  ax  in 

1hh>  <  ol  J  i:im i  i in  di  inmnmx  en«  Art*  .in  inches. 


XF 

VP 

XF 

YF 

1 1 

’  ’  1  6 

0 

1 . 47021/ . 04 

...j;;, 

"12 

-8.920/ BE  Of;. 

-•3 . 349450.-04 

-4 

-12 

“5. 334626-05 

-1.60933E-04 

0 

-.1  **.' 

X  At. 

0 

-1.B97B IE-04 

4 

-12 

B. 334626-05 

- 1 . 6093 3E -04 

- 1 2 

8.9287BE-0S 

-1 . 34945E-04 

-12 

"■•0 

•'1.349456-04 

-8.9287BE-0S 

■-0 

-13 

-1 .248746-04 

-1. 245746-04 

>"4 

-8 

-7. 0095 IE -05 

■•■■1 . 401.9E  -04 

0 

-B 

0 

-t . 5B660E-O4 

4 

-0 

7.009316-05 

-1 .40196-04 

fj 

“B 

J. ,  245746-04 

■■I .  24574B-04 

.1 

13 

1 „ 34 9456-04 

-8.92878E-05 

•  J , ' 

■4 

-1. 609336-04 

-S. 334626-05 

■  FI 

-4 

- 1 , 40 1 96-04 

•  ■?.  00951  6-05 

8 

-4 

1 40196-04 

—7 .1  0095 1.  E  •"  05 

I  2 

-4 

1  ,  6<  >937.6-04 

~r.„  334O3E-05 

■  .1  6 

0 

- 1 . 47826-04 

0 

- 1  ? 

0 

-1 . 1.19701  6-04 

0 

•  n 

0 

•  •  1 . 5B660E-O4 

o 

ft 

0 

1 ,,  586606-04 

0 

1 

0 

1 .047016-04 

0 

I  <*> 

0 

J. .  47026-04 

0 

1 2 

•1 

-  1. .  609336  04 

5. 33462K-05 

14 

4 

••  3.401  96-04 

7.00951 6-05 

B 

4 

1 . 4 ol 96-04 

7. 009510-05 

.1  ii. 

4 

1. .  609336-04 

8. 334626-08 

-  1  .? 

B 

. 3. .  34945E-04 

0.920706-05 

...  e 

0 

-1 .243748-04 

1 . 245746 . 04 

-4 

6 

-7. 00981 E-OS 

1.40196-04 

0 

fl 

0 

1 . 506606-04 

4 

e 

7.009516-05 

1 . 40 1 96-04 

<3 

8 

1 .245741: -04 

1 . 2 48 74 E -04 

;l.  ? 

B 

1 . 349456-04 

B.9287BB-06 

-B 

1.2 

-B . 92B7BE-OB 

1 . 349456-04 

-4 

12 

-8. 334626-05 

3. .  609336-04 

0 

\  .ill. 

0 

1 . 097016-04 

4 

12 

5. 334626-05 

1 . 609336-04 

0 

12 

0. 92B7BE-0S 

1 . 349456-04 

0 

16 

0 

1 . 47826-04 

Avnrngw  X  V#lue 

1  mi  0 

Av«r<»q*»  V  VaI  uw 

i  m  i  0 

Mw«n  X  8pr»#ci  in 

1. 16B4BE-04 

Me«n  V  $prw«d  in 

1. 160406-04 

D«2t) 


v  Inchnm) 
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Rung®  inti  1000 

Kilometer* 

Image  Height  it* 

4363.32  met ere 

off  fchw  axle 

The  following  dimenwiarm  arm  in 

1  riche* 

XP 

YP 

XF 

YF 

0 

-•16 

0 

-.043274 

-  0 

- 1 2 

8.  15392E . 05 

. .844535 

-4 

-  1 2 

3. 546488- 05 

--.844692 

0 

“12 

0 

-.844757 

4 

-12 

-3.54648E-05 

-.844692 

8 

-12 

“0. 15392E-05 

■••.644536 

“12 

-8 

-1.42574E-04 

- . 845405 

-8 

-0 

-1.33634E-04 

-.845683 

“4 

~8 

“S.O50S5E-O5 

-.8456)46 

0 

“0 

0 

- . 845902 

4 

8. 0SB55E-05 

-.845848 

B 

•"•0 

1 . 33634E-04 

-.045683 

12 

-8 

1 . 42574E-04 

-.845405 

-•12 

. 4 

-•4 .  S5856E-04 

-.846261 

-B 

~4 

-3. 44753E-04 

-.846516 

Cl 

. 4 

3. 44753E-04 

-.846516 

1  2 

“4 

4. 55056E-O4 

-.846261 

-  1  6 

0 

-9. 10282E-04 

-.84647 

*- 12 

0 

-•7 . S602SE-04 

-.846796 

B 

0 

“S. 3S25E~04 

-.047039 

111 

0 

5. 352SE . 04 

-.847039 

i 

0 

7 . 36025E-04 

-.846798 

i  o 

0 

9. 102B2E-04 

••„  84647 

•  ip 

4 

•1 .01972E-03 

I347Q64 

•  ■  0 

4 

-7. 1764E-04 

-  .  04V/*-i  2 

ci 

4 

7. 1764E . 04 

-• .  S4  7.;'0r 

1  2 

4 

1 . 01977C . 03 

„ 047064 

■  1.2 

a 

1  26!  V29E-03 

. 047061 

■  1:1 

B 

“8. 8 39 37 E  "04 

-.Cl 17  756 

4 

8 

•-4.51326h.-U4 

- . 84 7  382 

0 

0 

0 

-•.8474  32 

0 

8 

'I.M326E-04 

• . 847 382 

8 

8 

a .  i !  !;9  >  n.  “0  4 

••.84/256 

.1  2 

B 

1 . 26529E “03 

-.847061 

•■••8 

1 2 

-■  1 . 034268.  0  :!• 

-.846993 

-4 

1 2 

“5. 20O38E  "04 

-.847102 

0 

•12 

0 

-.047162 

4 

.1  2 

ft. 280308-04 

••-.  847102 

8 

.1.  ah. 

1 . 034268-03 

- „ 046993 

ii 

1 6 

0 

■•■■,  046606 

Average  X  V«1  tie 

1  «>  i  0 

Over  .«g«»  Y  Value 

j  c  -,846 

X  Spread  iw  6.  146S5F--04 

Mean  Y  Spread  i 

m  8.457281 

D‘21 


( Int-hwsO 
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.5  >i: .  .......  nv.  v. .ii. 


Range  imi  5000  Ki  1  ss 

linage*  Height  is  21016.6  meter  sn  off  the  #ni b 

This  following  di  mental  on «t  art*  lri  inchwm 


XP 

YF‘ 

XF 

YF 

0 

. 16 

0 

..  HI  ‘  .'5..' 

-0 

-12 

1 . 20O44E.  «.»4 

.  014406 

-4 

“12 

4. 44651 E-05 

“« 844673 

0 

“12 

0 

844732 

4 

“12 

-4.446H1E-05 

•*« 044673 

0 

“12 

-1 . 20044E-04 

“.844486 

-12 

~8 

-I . 0991 IE -04 

045305 

-0 

-0 

-1.03712E-04 

-■«  845656 

~4 

“8 

-A. 1214E-05 

-.045023 

0 

-B 

0 

-.84580] 

4 

"8 

6. 1214B-05 

- . 045823 

8 

~B 

1.03712E-04 

■■•045656 

12 

-0 

1 . 0691  IE- 04 

- « 045305 

“12 

“4 

-4. 21  76 m -04 

-.046263 

“S 

“4 

-3. 1B209E-O4 

-.1346517 

0 

..4 

3. 182B9E-04 

“.846517 

12 

“4 

4.  2 17631- -04 

* . 846263 

~  1 6 

|"| 

-B. 33273E-04 

-.046474 

-12 

0 

-  ? .  205011s -<  >4 

“.1146001 

-B 

0 

-B.0377BE-04 

.-,>347043 

13 

0 

S. 0377BE-04 

-.047043 

12 

0 

7. 20301 E* 04 

-.046801 

16 

B. 33273E-04 

-.846474 

-12 

4 

-9. 82S23E-04 

-.847079 

-13 

4 

-6.84619E-04 

-.047303 

B 

4 

6.84619E-04 

-.047303 

12 

4 

9. 82623E-04 

■  ■ . 847070 

-12 

8 

- 1 . 232B6E-03 

■•.847001 

-B 

8 

-B.533E-04 

•••• . 847206 

“4 

B 

-4. 34 16E -04 

-.847416 

0 

8 

0 

047453 

4 

B 

4.3416E-04 

-.84/416 

0 

a 

B.S33E-04 

. .847206 

12 

0 

1 . 23286E-03 

*•.84/081 

-0 

12 

-1.004B2E-03 

-.047042 

“4 

12 

-S.  1 1 3  4  BE  "'04 

-.047157 

0 

12 

0 

-.047182 

4 

12 

5. 1134BE-04 

■•.84715/ 

0 

12 

1 . 004B2E-03 

- . 047042 

0 

16 

0 

-.846672 

Average  X  Value  1  ^ i  0  Average  Y  Value  t ei 846354 

Mean  X  Spread  tm  5. B8692E-04  Mean  Y  Spread  1»  6.  *?05346.-04 


D'22 


I4H 


Range  iwi  1 0000  li.i 
tfflMHw  iw  an  the  »  •* 

1  ha  fnlJowimi  ilinn'iH.nins  hm.j  In  i  m  h«s 


XT 

vt: 

xr 

V  F 

( > 

Ir. 

Ci 

■  1 . 47  :*66F  o4 

-0 

'  1. 

-a  ,  ywi-if;  •  o!  i 

1  ..  30  1  /  0  1,4 

"4 

-12 

»S.  16176E--05 

-1 . 5,401  BE- 04 

0 

-12 

o 

-l.  80721.  r -04 

4 

-12 

55.  I6176t!:;--0f5 

-1 .5401 BE- 04 

Q 

8.702288-08 

-1  .  30 1771;-,;, 4 

-12 

-B 

•1  „ 301778-04 

-B.  702281: -051 

-•B 

-0 

-1.22 30*8-04 

-1 . 22309E  04 

-4 

■  a 

-•6.  8306*8-055 

- 1.3661 4R-04 

0 

-8 

0 

-  1 .363226-04 

4 

-8 

6.  B3069E--05 

*1 . 3661  4 IT -04 

B 

-a 

1 . 2 2 30*8-04 

1 .223001:  ■•04 

12 

■-n 

1 . 301778-04 

•■•0.  7O220E-O8 

-  .1  2 

"4 

-1 ,  ri 40  .188  -04 

-I,.  IM  76E -o*3 

•  B 

. 4 

-1 . 366 148  -04 

-6.83069B- 03 

U 

-  4 

.1 . 36614E  04 

•6.830691".  ”03 

tv 

■-4 

l  „  5401. UK.  »)4 

161 761-  -or, 

-- 1 6 

0 

•■1. 4T/66E-04 

<  i 

■•-•  1  ? 

0 

•  1 . 807? | F  04 

O 

•R 

u 

••  1. .  !?i6t'i??E'  04 

l-l 

o 

1 .  ,'.6S:'2t: . o.| 

i.i 

1 V 

0 

1.807211  <04 

Cl 

1  6 

i.i 

1,43/668  04 

i.i 

■*  1  2 

4 

-l.n401 08-04 

3.  1  61  7  6f..”»  i'" 

-13 

4 

—  1  i  ..,<6i:-i  1  4 1  -i  >4 

o,  8  < V  , 

H 

•I 

1  Vo,  i  4i;  -04 

ft.UM  “O'j 

1  2 

4 

1 11,401 88 -04 

5, 16  1  Oil:  O'", 

->  1.  2 

1 1 

1  i.  'i  1 1  /  /  L"  ‘i',4 

8  .  6  I?  281:  -1 

-B 

a 

-  1. ..  223'  ,'i't?  04 

1  223,0*6:  04 

-4 

8 

*■•6 ,  8‘3o6*tf.  , 

1 .  366 1 4fc!  -04 

i , 

8 

1 1 

1 , 56M,:21  ■••'14 

4 

h 

6..  83 1 ,6>6: ,'■••, H, 

1  .  766  1 4E;  ■•'  »4 

8 

H 

1 . <*••0:.  i  i  1 

1  .  W  'iO^E  •  04 

12 

8 

1 . 3.0  1  77fc  -04 

8.  6;, 2281::  -<»»!> 

-B 

12 

-■a .  o, war; -o’s 

i.  '.iol  ://£  I.i4 

•4 

.1  2 

•r;,.  i«.ii76E-0'“< 

1  .  T,4018F  -04 

0 

1 

o 

1 . 80771  ft -04 

4 

l  2 

3.  16l?6E-o3 

1 . 34'  1 1 HI’  •  04 

8 

t  , 

B.  702201-  -or, 

1  „  30  1  7b  •  04 

.1  6 

Cl 

1 . 43 766b -'*4 

average  X  Oalue  ii!»t  0  Ovwatie  X  Wdut*  1  >*>  *  a 

Mean  X  Spread  in  I  .  I  '•  IBfiH-' >4  Mean  V  Spread  t*»  .1 .  1. 1  mi 


D-2.1 


< lnchvw > 
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Range  is:  100000  Ki  lometsrs 
Image  as  on  the  an  is 

The  Following  dl mens!  on*  are  in  inches 


XP 

VP 

XF 

VP 

0 

-  1  6 

0 

-1 . 33514R-04 

•8 

-12 

~fj .  24928E-05 

- 1.246938-04 

-4 

t  2 

-4 .941  v;  st: . or, 

-1 . 4 66 2  78 -04 

0 

-12 

0 

—  1 .  70.2306—04 

4 

-12 

4.94123E-0S 

-1.46627E-04 

8 

-12 

B.2492BE-09 

-1.246936-04 

~12 

-8 

-1.24A93E-04 

-B. 24928E-05 

-B 

-B 

-1 . 17S4E-04 

-1.  17B4E-04 

-4 

-8 

-6. 6399AE~09 

-1 . 32799E-04 

0 

-B 

0 

-1.SI793E-04 

4 

-B 

6.63996E-03 

-1.32799E-04 

R 

-B 

t. 17JS4E-04 

-1. 17546-04 

12 

■-B 

t , 246936-  04 

-B.2492BE-09 

- 1. 

-4 

•1 . 466276-04 

-•4.94123E-05 

-■13 

-4 

- 1 . 32799E-04 

-6. 639966-0*3 

B 

■■■4 

1 . 32799E-04 

-6. 639966-05 

1 5! 

-4 

1 . 466276-04 

-4. 94123E-09 

-16 

0 

-1.33914E-04 

0 

-12 

0 

"1 . 7S238E-04 

0 

-8 

0 

-1.B17S3E-04 

0 

8 

0 

1.01753E-  04 

0 

.  12 

0 

1 . 752306-04 

0 

16 

0 

l. 33S14E-04 

0 

...  t  ? 

4 

-  l  „  466278-04 

4. 94123 E -05 

-8 

4 

- 1 . 327996-04 

6.639966-05 

B 

4 

1 .32/996 . 04 

6. A399AE-09 

l? 

4 

l .  4AA2VK-04 

4.941236-05 

-  .1  2 

0 

-  1 . 24693P-04 

B. 2492BE-09 

-til 

8 

-1  .  17"54E-'04 

1 . 1794E-04 

■«  1) 

8 

••6.6399AE-09 

1, .  327996-04 

<‘| 

R 

0 

1 . 517S3E-04 

4 

B 

6 . 6399AE-05 

1 . 32799E-04 

8 

8 

l .  1  /'J4fc  ~U4 

1 , 1794K-04 

12 

B 

1 . 2469  3E-Q4 

B.24928E-09 

-8 

12 

-0. 24928E- 05 

1.24693E-04 

-4 

12 

-4.941236-09 

l . 46A27E-04 

0 

12 

0 

t . 7W23BB-04 

4 

1 2 

4 . 94 1 236 -05 

1 . 46A27E-04 

& 

12 

8. 2492HP  -OEi 

1 . 2469 JE-04 

u 

16 

it 

1 . 335 1 46-04 

Average  X  Value  is:  0  Aver  age  v  Value  is:  0 

Mean  X  rjpi  wad  iu  1 . i:..B!599t->f>4  Mean  V  Spread  is  1.0B999E-04  < Inches) 


ISO 


Fkhiuw  lti-s  tociuu  Ki  1  omettwri* 

Height  1  *  43*33.2  mmim-u  off  th»  **i» 
T  Hu*  toll  owing  di  inwid  on»  wrt»  in  i  nchttn# 


Av** <t»qw  X  Valuw  i»i  0 
MtJ*P  X  Bpr«*«d  i«  5.B9136E-04 


1 .00*73 11"  -04 
4, I 9* 1 7E—05 
0 

-4.  I96J7E-0B 
-1.0693 IE-04 
-1  .  It  34 IE-04 
-1. 15B14E-04 
«3f*69E“Cii“ 

0 

6.  B3069E-0fi 
1. 155I4E-04 
1.  3  134 1 E -04 
-  4 . 22239E-04 
-3.  ?2461E~<>4 

3.  224ME--04 

4,  .'■■'?259F-04 
-a. 44956E -04 
-7.0<s  196ft  --t»4 
-4,  9793E!"04 


843243 
-  .  84 4 303 

-.844/31 
-.844794 
844731 
-.844553 
-.843432 
- . 845709 
-.84(3060 
-.845917 
-.045865 
- .  84(5704 
- , 845432 
- . 84*28 1 
- ..  846537 
• . 846537 
846281 
-.846473 
846814 
-  847053 


l'l 

4 ,  *»?V3E  -04 

•• .  84/053 

( 1 

<1 

7  „  06 1 9oK — *  *4 

-.84681  4 

8.449568  -04 

-.0464/3 

4 

-9, 7441 7ft!  •••04 

•  . 047082 

4 

-6. 131  162E-04 

-,,1347304 

4 

6.01 162E-  "4 

847304 

4 

9. 744 17F- 04 

-.947087 

8 

-1.741456-03 

-.847076 

& 

11 

-8„  53t396K—04 
-4 36544ft' -04 

0 

-.84729 

-.847421 

H 

-.84749 

0 

8 

4.36S44K-04 

-.847421 

8.33096E-04 

- . 84729 

8 

t .  741 4  BE  -03 

-.847076 

12 

1  2 

12 

12 

12 

16 

-1 , 00 982 t -03 

-.847027 

19759ft -04 

-. 84/135 

0 

-.847184 

5. 1K759E-04 

- .8471 35 

1 . OO902E-U3 

047027 

0 

-1 B46666 

Av*»r*g»  Y  l/ftluft  ini". 846371 
Mwan  Y  Spread  1ft  5.,  45915E-04 


( Inchum ) 


151 


R«ng@  is>8  100000  Kilom«t«r» 

V iimqitt  H»i  i %  436332  off  th#  *>ti* 

Hits*  following  rJlnmnml  on*  wrw  in  inch*** 


vp 

YP 

XF 

YF 

o 

-16 

0 

-.843983 

-11 

•  12 

1 . 0r  tO»  I6E  -Of. 

- . 645009 

-4 

~12 

-3.2106RE-O6 

-.84526 

0 

~12 

0 

-.945314 

4 

-12 

3.21B65E-06 

-.84526 

0 

-12 

-1 • 80OQ6E-O5 

-.045089 

-12 

-0 

-2.44617E-04 

-.845842 

-0 

-0 

“1 . 98483E-04 

-.046101 

“4 

-8 

-1.0BB98E-04 

046289 

0 

-0 

0 

-.046316 

4 

-8 

1 , 0BB9BE-04 

-.846259 

0 

-B 

1 . 9EI4(13E“04 

-.846101 

12 

-B 

2.  4461 7f*04 

045042 

- 1  2 

-4 

-S.43394E-04 

- . 846553 

n 

-4 

-3, 937 7 BE -04 

-,,846797 

0 

-4 

3. 9677SE-04 

-.046797 

12 

•■"4 

5.  43594B-04 

-.046553 

1 6 

0 

-1.00017E-03 

-.04665 

1  2 

0 

“8. 1 3723P-04 

- . 846979 

•H 

0 

“!i.  793S7E-04 

-.047200 

1:1 

0 

793576 -04 

-.947208 

i :,: 

0 

fl. 1 3 7236-04 

“. 046979 

16 

lit 

t. 000 176 -03 

*,04665 

■  i 

4 

-1 .091246-03 

-.047116 

■a 

4 

•  ,’.56025E“'>4 

“,04733V 
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The  test  program  for  OF  laser  transmission  between  ships  at  sea  could 
greatly  benefit  from  the  application  of  the  full  complement  of  lidar  techniques 
that  have  been  developed  to  date.  These  Include  humidity,  temperature,  aerosol 
abundance,  wind,  concentrations  of  air  pollutants,  and  all  of  these  as  functions 
of  time  and  distance  along  the  range  between  ships.  The  principles  and  capabili¬ 
ties  of  lidar  for  atmospheric  measurements  have  been  reviewed  in  the  Proceedings 
of  the  DoD  Lidar  Workships  (Tucson,  1981),  by  R.  M.  Measures  in  Analytical  Laser 
Spectroscopy  (Ch.  6),  Wiley  (1979),  and  by  E.  D.  Hinkley  et  al .  in  Laser  Monitoring 
of  the  Atmosphere,  Springer-Verlag  (1976). 

Unfortunately  very  few  of  the  appropriate  lidar  devices  are  available 
for  the  Lexington  measurement  program  in  the  summer  of  1982,  because  on  a  nation¬ 
wide  average  basis  the  levels  of  lidar  funding  have  not  been  such  as  to  keep  a 
number  of  transportable  systems  running,  or  to  permit  a  dedicated  multipurpose 
installation  to  be  built.  A  few  possibilities  exist  for  the  summer  of  1982,  and 
these  include  the  SRI  Queen-Air  -  based  NdYAG  system  for  aerosols  and  the  NASA- 
Langley  Electra  that  contains  aerosol,  H^Q  and  ozone  profiling  systems  (Nd:YAG  + 

DIAL  using  dye  lasers)  though  it  may  be  attractive  for  the  project  to  make  use 
of  these  Ildars,  one  should  bear  in  mind  that  a  decent  measurement  program  for 
each  Is  bound  to  cost  $70,000  -  $90,000  and  the  useful  information  output  will 
likely  be  marginal  in  terms  of  the  atmospheric  variables  and  the  space-  and 
time-scales  Important  for  the  DF  propagation  experiment. 

In  view  of  the  general  capabilities  of  lidar  outlined  below  it  is 
unfortunate  that  we  cannot  wait  until  summer  of  1983,  by  which  time  a  comprehensive, 
multi-purpose  lidar  system  could  be  setup  for  about  $400,000  -  $500,000.  It  could 
also  then  be  used  for  a  number  of  other  remote  sensing  applications  of  interest 
to  the  Navy. 

An  alternative  exists  that  we  will  describe  in  this  proposal,  namely 
that  a  relatively  novel  lidar  concept  involving  pulsed,  low  power  HF  and  DF  lasers 
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can  be  Implemented  quickly  to  give  truly  useful  data  In  the  1982  tests  -  and 
perhaps  then  become  the  basis  for  more  highly  evolved  versions  to  be  used  In 
subsequent  years.  The  cost  and  other  details  of  this  concept  are  discussed 
below.  The  pulsed  DF  laser  Is  advantageous  for  the  measurements  because  the 
lidar  returns  will  give  light  scattering  and  I^O  absorption  information  right 
In  the  band  region  of  Interest,  and  the  Ildar  Is  eyesafe.  We  estimate  that 
range  resolutions  for  [ H^O]  of  under  100-250  meters  will  be  attainable  and  that 
ultimate  ranges  •■-2-10  km  will  usually  be  possible.  At  first  the  main  goals 
of  the  lidar  will  be  to  measure  aerosols  and  [HgO]. 

General  Lidar  Capabilities  -  Comments 

For  airborne  lidar  systems  used  to  define  the  state  of  the  atmosphere 
during  the  Lexington  tests,  one  needs  to  be  concerned  not  only  about  the  accuracy 
of  measuring,  say,  the  humidity  but  also  about  the  spatial  resolution  of  the 
measurements  both  along  the  lidar  beam  direction  and  along  the  direction  of 
aircraft  flight.  For  downlooking  humidity  and  temperature  measurements,  using 
DIAL  methods  in  the  near  IR,  height  resolutions  of  order  100  m  are  typical. 

Given  that  20  +  10  Joules  of  optical  output  are  needed  by  adding  up  lidar  returns, 
one  can  expect  a  horizontal  resolution  along  the  flight  track  of  order  1  +  1/r  km. 
This  horizontal  resolution  is  just  barely  good  enough  relative  to  the  need  to 
document  variations  along  the  DF  laser  transmission  range  or  across  the  ship's 
smokestack  plume. 

The  spatial  resolutions  describing  downlooking  Nd:YA0  measurements  of 
aerosol s  are  In  better  shape,  say  10  meters  vertically  and  10  meters  horizontally 
along  the  flight  track.  What  these  observations  provide,  however,  Is  a  relative 
concentration  profile  of  aerosols.  This  may  be  useful  for  depleting  local  or 
regional  airflows,  inversions,  etc.,  and  is  probably  of  very  limited  value  for 
the  HEL  transmission  experiment  in  question, 
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One  might  consider  the  possibility  of  using  the  SRI  or  NASA-Langly 
types  of  equipment  actually  on  the  ship  with  the  Ildar  beam  direction  along  the 
OF  laser  transmission  direction.  While  this  would  provide  some  measurement 
advantages  over  the  airborne  mode,  these  laser  systems  are  not  eye  safe  and 
therefore  could  not  be  used  in  this  way  In  the  Lexington  environment. 

Proposed  OF  Ildar  Measurement 

One's  attention  Is  naturally  drawn  to  the  middle  Infrared  for  Ildar 
measurements  of  atmospheric  properties  In  tests  such  as  the  Lexington  transmission 
experiment.  In  particular  the  DF  regions  can  be  used  for  range-resolved  measure¬ 
ments  of  at  least  water  vapor  concentration  and  aerosol  backscatter  In  the  DF 
band.  Other  possibilities  such  as  temperature  and  air  pollutants  are  also  under 
consideration,  and  there  Is  some  prospect  of  cross-check  measurements  using 
restricted  parts  of  the  HF  laser  line  system. 

We  are  proposing  the  rapid  adaptation  of  existing  equipment  at  NRL, 
to  bring  on-line  a  pulsed,  single-mode  line-selectable  DF  laser  for  atmospheric 
ranging  work  during  the  Lexington  tests  In  1982.  This  system  will  time-share 
optics  with  the  DF  transmission  laser,  and  will  make  use  of  some  of  the  same 
plumbing  and  gas-handling  equipment.  Still  under  study  are  technical  questions 
Involving  the  repetition  rate  of  the  pulsed  DF  system  and  the  possibility  of 
shortening  the  pulses  to  0.1  usee  (from  the  present  level  of  ~  1  usee). 

A  preliminary  study  Indicates  that: 

(a)  sufficient  aerosol  backscatter  will  be  available  for  DIAL 
measurements  In  the  DF  band,  considering  the  typical  transmitted  pulse  energy, 
ranges  up  to  10  km,  and  slgnal-to-nolse  considerations  for  the  appropriate  detectors. 

(b)  HDO  can  safely  be  used  as  a  "spectroscopic  surroaate"  for  H-O  In  the 
DF  band  because  the  Isotopic  abundance  ratio  Is  fairly  constant  (0 . 03%)  near  sea 
level . 

(c)  The  spectral  match  of  high  power  DF  lines  with  the  absorption  line 
spectrum  of  HDO  Is  good  as  regards  wavelengths,  absorption  strength,  and  temperature  - 
Insensitivity  of  the  absorption  (e.g.,  see  the  attached  figure). 
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